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The objectives of this contract are: (1) to relate the 6300 A
emissions as observed by the ISIS-2 scanning photometer to the causa-
tive electron fluxes which are simultaneously observed by the ISIS-2
Soft Particle Spectrometer. The energy sub-region of the electron flux
which is primarily responsible for the 6300 A emissions will be delineated
to the accuracy available with the ISIS-2 instrumentation. It is hoped that
an empirical relation can be derived that relates electron energy flux to
6300 A flux. (2) To compare the particle fluxes and 6300 A emissions (and
the conclusions derived in Item 1) with simultaneous electron density profiles
obtained by the ISIS-2 topside sounder. The basic goal of such a comparison
will be to ascertain if it is possible to infer gross characteristics of the
ionosphere (e.g. fon, plasma trough boundaries) from 6300 A and particle
flux measurements. (3) To relate, where possible, the results obtained in
items 1 and 2 to the dynamical effects produced by substorms. Specifically
we will evaluate if it is possible to infer the motion of boundaries such as
the poleward edge of the low-altitude plasma trough from indirect measurements.
(4) To analyze the simultaneous data obtained with ISIS-2, the AFCRL Air-
borne Ionospheric Laboratory, and the Defense Meterological Satellite System.
Again the goal will be to ascertain if ionospheric parameters can be determined
by indirect means.

This report represents the work accomplished during the first twelve
months of a 39 month contract. Most of the work accomplished during the first
twelve nmonths was preparatory in nature. However, item 3 of the objectives has

been brought to a reasonable conclusion.
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II. ACCOMPLISHMENTS

The work dealing with item 3 relates the equatorward boundary >180 eV
electron precipitation to the IMF B, component and substorm activity.
Electron spectrograms from 351 passes of the ISIS 1 and 2 satellites were
utilized to study statistically the effects of the interplanetary magnetic
field (IMF), substorm activity, and the earth's dipole tilt angle on the
latitude of the equatorward boundary of the nightside (2090-2400 magnetic local
time) auroral oval. The boundary location (in invariant latitude) at hourly
local time intervals was identified in terms of the equatorward boundary of
the diffuse, >100 eV electron precipitation. The following characteristics were
noted: (1) The north-south component (Bz) of the IMF plays the dominant
role in contrclling the motion of this boundary. The invariant latitude of the
boundary is shown to shift by approximately 4° depending on the direction of
the IMF (northward and southward, respectively) relative tc its position
corresponding to B, = 8. This indicates an inward motion of the associated
boundary in the magnetotail by about 5 earth radii when the IMF changes its
direction from northward to southward with large magnitude. There is a
significant difference in the amount of the shift between the evening and
morning sectors, i.e., for the same decrease in B, value, the boundary moves
more equatorward in the morning sector than in the evening sector. When the
obtained oval particle boundary is projected onto the equatorial plane of the
magnetotail along magnetic field lines, a good agreement was found between the

projected boundary and the drift boundary (the Alfven layer) of low energy
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electrons in the presence of the dawn-dusk electric field. Thus, this agreement
gives new evidence showing that the diffuse auroral particles originate near or
at the inner boundary of the plasma sheet. (2) Substorm activity seems to have
a separate role in determining the latitude of the equatorward boundary of the
nightside auroral precipitation region. The boundary during substorm periods
is statistically found to be 2 - 3° lower in invariant latitude than that during
quiet times. Even a simple classification into quiet and disturbed conditions
improves the accuracy with which the auroral oval location can be inferred.
By combining the IMF effect and the substorm effect, it is indicated that the
boundary is located at the lowest latitudes when a substorm takes place during
a southward IMF with large magnitude, whereas it is located in the highest
latitudes when the IMF has a northward componant during quiet times. (3)
The equatorward boundary of the nightside auroral oval is located in higher
latitudes in the winter hemisphere than in the summer hemisphere, although this
earth's dipole tilt effect is usually smaller than the effects of the IMF and
substorm activity. These phenomenalogical relationships, in conjunction with
papers in preparation relating the optical and ionospheric manifestation of >100
electrons, will allow items 1 and 2 to be tied into dynamical effects.

Items 1 and 2 of the objectives involve data from more than one ISIS 2
instrument. In order to adequately compare the different data sets common
data formats are needed. In particular, computer manipulable media are needed.
Unfortunately, no such common data set exists for any ISIS instruments. Each
ISIS experimenter received digital or analog tapes which contained only his
data. Thus we have had to create a common data base. We have chosen magnetic

tapes as a medium, Figure 1 is an example of computer merged particle and




6390 A data. The top trace of Figure 1 gives the pitch angle corresponding to
each measurement (Go represents precipitation). The next four panels give the
electron directional energy flux (ergs cm-2 st:er—1 sec) for four selectable
energy ranges. In this case the energy ranges are, from top to bottom 8 to 60
60 to 300, 300 to 1009, and 1000 to 15200 eV, The bottom trace gives the
narrow band (190 A) 6300 A data. It can be seen that there is good morphological
agreement between the 6309 A emission and the low-energy (<1 keV) electrons.

It should be noted that this format represents a quick-look presentation for
visual inspection of the collective data set,

The next step in the 6390 A electron flux comparison will involve the
derivation of an empirical relationship between 6308 A intensities and electron
energy flux in selected energy bands. A multivariate analysis will be performed
on the two data sets, The aforementioned computer generated plots will be
utilized in selecting data sets for comparison.

During the past year programs were written to produce computer generated
contour plots of 6338, 5577, and 3914 A from the ISIS 2 scanner data on micro-
film. Figure 2 a to d shows an example of the presentation for ISI5 2 orbit
13101. Figure 2a shows the 6309 A contours, 2b the 5577 A contours, and 2c
the 3914 A contours. Figure 2d lists the spin number from start of data,
universal time, and invariant latitude. Ninety-five passes have be=n processed

and are being readied for submission to the World Data Center,
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Simultaneous Observations of Discrete and Diffuse Auroras
by the Isis 2 Satellite and Airborne Instruments

CHARLES STERLING DEFHR

Geophysical Institute, University of Alaska. Fairbanks. Alaska 99701

J. DAvVID WINNINGHAM

Center for Space Studies. University of Texay at Dallas. Richardson, Texas 75082

FUMIHIKO YASUHARA AND SYUN-ICHI AKASOFU

Geophysical Institute, University of Alaska, Fairbanks, Alaska 9970/

All-sky camera and photometric data were obtained by airborne instrumentation as a function of
latitude and time during the course of an auroral substorm. During the substorm recovery phase the Isis 2
satellite passed within 60 km of the aircraft zenith. The discrete and diffuse auroral regions were identified
from the airborne all-sky camera data. Satellite and photometric observations of the corresponding
incoming particles led to the following conclusions: (1) The diffuse and the discrete auroras seen in the all-
sky camera data correspond to the two different particle precipitation regions observed from satellites and
referred to as CPS and BPS, respectively (Winningham et al.. 1975). (2) The diffuse auroral region is
associated with high-energy stably trapped energetic electrons, and the discrete aurora is poleward of the
stable electron trapping boundary. (3) The latitudinal distribution of characteristic particle energies does
not change in a relative sense during the poleward expansion, but expands “accordionlike ™ (4) The height-
integrated intensity ratio of the red (6300 A) to green (5577 A) emissions of atomic oxygen s 4 good
indicator of the characteristic energy of the incoming particle spectrum

INTRODUCTION

The auroral scanners aboard the Isis 2 and DMSP satellites
have identified at least two types of auroras, the discrete and
diffuse auroras [Lui and Anger, 1973; Snyder et al., 1974; Lui et
al., 1975]. It is thus of great interest to examine the corre-
sponding features in the pattern of precipitation of auroral
particles. The precipitation patterns of auroral electrons along
magnetic meridian lines have been studied by Frank and Ack-
erson [1971], Hoffman and Burch [1973], Deehr et al. [1973],
and most recently by Winningham et al. [1975]. In general, the
latitudinal profiles have suggested that one can distinguish at
least two precipitation regions. Winningham et al. refer to
these as the BPS (boundary plasma sheet) and CPS (central
plasma sheet) regions, corresponding to the regions of discrete
and diffuse auroras, respectively. The ‘inverted V' structure
[Frank and Ackerson, 1971) and ‘lambda structures’ [Sharber
and Heikkila, 1972] are usually embedded in the BPS region.

In order to examine relationships between the precipitation
pattern of auroral electrons and the two auroral regions a
simultaneous observation, from above by the Isis 2 satellite
and from below by the NASA 711 jet aircraft, was conducted
over the Arctic Ocean on October 10, 1972. The purpose of
this paper is to report some of the results of these observations.

OBSERVATIONAL CIRCUMSTANCES

Figure | shows both the satellite trajectory and the aircraft
path, together with the 4U and AL indices during the period
of interest. Instead of projecting the satellite trajectory radially
down to the earth’s surface, it is projected along the geomag-
netic field lines, to an altitude of 110 km, at which most of the
precipitating electrons of the obscrved average energy are
stopped. Over the Arctic Ocean, off Barrow, the aircraft

Copyright © 1976 by the American Geophysieal Union.

headed first in the antiparallel direction to the expected Isis 2
trajectory (0857-1030 UT) and then flew parallel to the tra-
Jectory between 1030 and 1110 UT. The satellite passed nearest
to the aircraft between 1104 and 1105 UT.

The aurora was very quiet until about 0930 UT and became
quite active afterwards (see Figure 2). Several surges were
observed between 0930 and 1010 UT, and an intense poleward
motion began at about 1020 UT. At that ime the aircraft was
flying poleward, but the auroral motion overtook the aircraft
at about 1023 UT and went far poleward of it by 1030 UT, at
which time the aircraft turned equatorward. The satellite
passed the nearest point to the aircraft when the aircraft was
located approximately on the boundary between the diffuse
and discrete auroral regions (70.0°N geographic latitude,
166.0°W geographic longitude). This can be seen more clearly
in the all-sky photograph shown on the left-hand side of
Figure 3.

In the all-sky photograph (Figure 3) we can easily distin-
guish two types of aurora, i.e., the brighter aurora poleward of
the aircraft and the other less bright aurora, equatorward of it
Although almost no structure can be seen in the poleward
aurora (because of the saturation of the film), some folds or
wavy shapes are apparent near the western horizon, indicating
rayed structure. Thus it is reasonable to identify the poleward
aurora as a discrete aurora: in fact, it was the arc which
advanced poleward at about 1020 UT. On the other hand. the
equatorward aurora has a much more uniform and diffuse
luminosity and could therefore be identified as a diffuse au-
rora.

The satellite traversed the auroral region between 1103 ana
1107 UT, which was during the recovery phase of the substorm
(a 200-y negative bay at College; see Figure 1, bold line). The
satellite path (again projected along the geomagnetic field lines
to an altitude of 110 km) is plotted every 10 s from 1103:20 to
1106:00 UT on the all-sky photograph (Figure 3). The circled
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Fig. 1. A map of the Alaskan sector showing the route of the airplane (solid line) and that of the satellite (dashed line),
labeled in universal time. Shown also are the 4 U and AL magnetic indices consisting of the envelope of auroral region H
component magnetograms. The College magnetometer is shown as a heavier line.

dot indicates the point where the projected latitude of the
satellite is 70.0°N, which is also the latitude of the zenith of the
all-sky photograph. The longitudes of the zenith and the cir-
cled dot are different by approximately 60 km.

The soft particle spectrometer (SPS) spectrogram for this
pass is shown on the right-hand side of Figure 3; for details of
the spectrogram, see Winningham et al. [1975]. The satellite
crossed the poleward edge of the auroral precipitation at
1103:31 UT and the equatorward edge at 1106:28 UT.

In the spectrogram we can also recognize two types of the
particle precipitation, poleward and equatorward of approxi-
mately 70°N geographic latitude. The poleward precipitation
shows a considerable structure and has an intense flux and
higher average energy, while the equatorward one shows al-
most no structure (except for a very low energy burst around
1105:40 UT) and has a weaker flux and a lower average
energy. Thus these two regions correspond to the BPS and
CPS, respectively [Winningham et al., 1975). It can be seen that
the aircraft was located near the boundary between the two
precipitation regions during the satellite pass.

SATELLITE OBSERVATIONS

The low-energy (<5 keV) electron data obtained by Isis 2
(see Figure 3) can be regarded as a ‘snapshot’ of the late
substorm electron latitudinal profile. As mentioned in the
previous section, two distinctively different regions can be
recognized in the spectrogram. From 1103:23 UT (A = 70.8°)
to 1104:32 UT (A = 67.6°) a band of structured intense
electron flux was observed. At lower latitudes from 1104:32 to
1106:28 UT (A = 62.3°) a relatively uniform weaker electron
flux was measured. In Figures 4a-4d, spectra representative of
the structured region are presented, as is done for the diffuse
precipitation in Figures 4e-4h.

The energy spectrum of auroral primary electrons can often
be described by an equation of a Maxwellian type: N(E) dE =
NoE exp (—E/a) el cm 2 s ' eV where a (= kT,) is the
‘characteristic energy,” or the energy at the peak of the distri-
bution. As can be seen in Figures 4e-4h, the high-energy end of
the spectrum in the diffuse auroral region is well described by a
Maxwellian distribution, but the low-energy portion is best
described by a power law. An exception to the low-energy
power law was observed in spectrum 4g. This spectrum was
taken from the low-energy burst observed in the spectrogram
(Figure 3) at approximately 1105:30 UT. The low-energy burst
cannot be described by a Maxwellian distribution either, the
observed spectrum being narrower than a Maxwellian. This
low-energy burst constitutes only a minor fraction of the total
energy flux and thus does not contribute significantly to the
auroral luminosity.

The characteristic energy of the electron spectra in the dif-
fuse zone gradually increased from 0.9 keV as the invariant
latitude decreased. A maximum of | keV was reached at
~1105:50 UT (A = 63.9°) after which time it gradually de-
creased to 0.6 keV (Figures 4e-4h). The power law portion (at
low energies) of the observed spectra could be due to con-
jugate degraded primaries and secondaries.

The structured auroral region exhibits a variety of spectra,
some of which are described by a Maxwellian curve (Figures
4a and 4d) and others which are not (Figures 4b and 4c).
Spectrum 4a was obtained in the region just poleward of the
intense bursts. Spectra 4b and 4¢ were obtained in the region of
intense bursts and highest average energy. Spectrum 4d was
observed just equatorward of the most intense bursts and is
Maxwellian in shape except for the low-energy region, which is
power law. Its characteristic energy (1.4 keV ) is higher and its
total energy input is greater than those observed in the diffuse
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NASA 711
October 10, 1972 uT

Fig. 2. A collection of all-sky camera photographs taken from the NASA 990 aircraft during the flight of October 10,
1972. The substorm begins over the aircraft at 0930 and expands poleward (up) with the aircraft until the aircraft turns
equatorward at 1030, flying under the diffuse aurora to the end of the flight (geomagnetic north is up and east is to the
right).

region (Figures 4de-4h). Energy fluxes as large as 20 ergscm *sr 's ' were observed. If

The spectra shown in Figures 4b and 4¢ cannot be fitted with  isotropy is assumed, this flux would produce ~ 100 kR of 5577
a Maxwellian distribution. These spectra can be better charac- A, enough to saturate the all-sky film, as observed
terized as ‘peaked’ (or ‘monoenergetic’ if count rate were Data (courtesy of J. R. Burrows) from several channels of
plotted). ‘Peaks’ in the spectra occur from ~1 to 4 keV. the energetic particle detector (EPD) are presented in Figure S
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October 10, 1972

Fig. 3.

An all-sky camera photograph corresponding to the closest time of passage of the satellite with the aircraft. The

path of the satellite is projected ‘ownward along magnetic field lines to the 110-km altitude and shown as dots on the
photograph. The times at which the satellite passes various points on the photograph are indicated by arrows. along with
the assumed height of the aurora. The southern edge of the particle data corresponds to an auroral altitude of 150-180 km,
which is consistent with the characteristic energy of the particles detected at the satellite (see text)

As in the lower-energy data, a change was observed in the
EPD fluxes at approximately 1104:30 UT. Equatorward of this
point a twice per spin modulated flux with deep minima in
both hemispheres was observed. The >200-keV stable trap-
ping boundary was located at this point (Figure 5f). Poleward
of this boundary the energetic flux softened considerably (see
Figures 5a and 54 for the ratios of the >22- to >40-keV and
>40- to 60-keV fluxes) and became structured. It should be
noted here that the ‘softening’ of the high-energy flux is re-
flected as an increase of the characteristic energy of the elec-
trons measured with the SPS

ALL-SKY CAMERA OBSERVATIONS

The intersection between the poleward edge of the auroral
luminosity and tive satellite trajectory projected to 110 km is

indicated by a black arrow in Figure 3. (Hereafter the satellite
location will be the projection to 110 km along the magnetic
field.) It can be seen (Figure 3) that except for a very narrow
(in latitude) region of soft (average energy less than 1 keV)
particle precipitation, the poleward edge of the structured
precipitation region coincides with the poleward boundary of
the auroral luminosity, in spite of its large zenith angle (about
76°) in the all-sky photograph. The soft particles precipitating
just poleward of the discrete aurora might have caused an
appreciable luminosity. However, because the average energy
is low (see Figure 4a), the height of this luminosity must have
been higher than 110 km, so that it was likely to be located
‘behind’ the bright aurora.

If the heights of the equatorward edge of the diffuse aurora
are assumed to be 110, 150, and 180 km, the equatorward
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boundary of the diffuse aurora on the all-sky photograph can
be compared in Figure 3 with that of the diffuse precipitation
region on the spectrogram. The point of intersection between
the equatorward edge of the auroral luminosity and the satel-
lite path projected down to 110-, 150-, and 180-km heights is
shown with the white arrow head, star mark, and triangle,
respectively. If the height of the diffuse aurora is assumed to be
110 km, the particle and optical boundaries do not coincide
(geographic latitude 66.7° from the all-sky photograph and
64.9° from the spectrogram), and thus the precipitation
boundary is located at a lower latitude by approximately 2°. If
the height is assumed to be 180 km, they almost coincide with
cach other (at approximately latitude 65.0°). The energy of
electrons must have been near 600 eV to buave caused a max-
imum ionization at 180-km altitude. Indced, such a value is
approximately that of the observed characteristic energy of the
particles on the equatorward edge of tie precipitation region
(see Figure 45).

Another effect which must be accounted for here is that the
actual equatorward edge of the diffuse aurora must have been
hidden by the lower-altitude part of the diffuse aurora. In fact,
the equatorwara edge of the diffuse aurora, determined by
assuming a 110-km height, corresponds to the point of the
highest average energy (approximately 2 keV) in the diffuse
precipitation region (at 1105:49 UT; 66.7° geographic latitude,
or see Figure 4f). As was mentioned earlier, the average energy
of the particles gradually decreased equatorward of this point,
and therefore the height of the luminosity must have increased
(Figure 4h). These effects combine to produce the apparent
discrepancy between the edges of the precipitation region and
luminosity determined from an all-sky camera in the middle of
this region.

The diffuse aurora observed by the satellite during this late
substorm recovery was the result of the precipitation of Max-
wellian electrons, most likely from the inner portion of the
plasma sheet (CPS).

PHOTOMETRIC OBSERVATIONS

A 6-in. aperture birefringent filter photometer with a 5° full
field of view directed toward the zenith was mounted on the
aircraft. This photometer (described by Deehr [1969]) is of a
type which continuously subtracts the observed background
continuum emission signal from narrow discontinuities on the
emission continuum. It is therefore most useful for observing
the intensity of atomic emission lines, and for the present study
these lines were the red and green lines of neutral atomic
oxygen at 6300 and 5577 A, respectively.

The usefulness of these auroral emission lines for determin-
ing the characteristic energy of the incoming particle popu-
lation has been shown by several workers, most recently by
Rees and Luckey [1974). Both emissions originate from low,
metastable energy levels of neutral atomic oxygen, but the
lifetime of the 630C-A line is considerably longer (110 versus
0.75 s), so this level is colhsionally depopulated at a far greater
rate at low auroral altitudes. Because both emissions are pre-
dominantly excited by secondary electrons whose energy spec-
trum is, in turn, determined by the characteristics of the in-
coming primary electrons and because the primary electrons
are deposited in altitude inversely according to energy [cf
Rees, 1969], the ratio of the intensities of these two lines (6300
A/5577 A) is a good measure of the characteristic energy of
the incoming primaries.

The intensity of the N;* first negative group is directly
related to 5577-A emission [Rees and Luckey, 1974). The 4278-

A N,* emission may be a better measure of the total 1onization
than the green line, but it could not be used in the present
study because the photometer is not inearly sensitive to emis-
sions of spectral width greater than 6 A

Eather and Mende [1972) plotted 6300 A 4278 A versus
4278-A emission as a measure of incoming particle energy for
a number of similar aircraft excursions across the auroral zone
and found that statistically the lower-energy particles and thus
the resulting higher 6300 A /4278 A emission ratio were found
on the poleward side of the nightside auroral precipitation
zone [see also Mende and Eather, 1975]. However, this 1s not
always the case, and at times lower characteristic energies
could be found at lower latitudes and higher at higher lat-
tudes. For example, the latitudinal distribution of character-
istic energy may depend on substorm ume [see Winningham et
al., 1975).

Figure 6 shows the observed intensity of 6300- and 5577-A
emissions along with the 6300 A /5577 A ratio as a function of
time throughout the flight. Five areas of different auroral
character are indicated in the figure according to Table I.

The wide variations of the 6300 A/5577 A intensity ratio
(Figure 6, area 2) are due mostly to viewing the upper and
lower borders of moving discrete arcs, which is another in-
dication of the dependence of this ratio on the altitude of the
emitting region. The diffuse aurora (Figure 6, area 4), on the
other hand, shows a remarkably steady relationship between
the two emissions. Plotting the 6300 A/S577-A ratio as a
function of the 5577-A intensity (Figure 7) shows, as is gener-
ally known, that the brighter the aurora, the more energetic
the incoming particles (see next paragraph). Thus all-sky cam-
era pictures can, in general, be a good qualitative indicator of
the characteristic energy of the incoming particles: the pho-
tometers can, however, provide a quantitative index of the
incoming particle energy.

The intensity ratio predicted by Rees and Luckey [1974] 1s
shown by solid lines in Figure 7. Because these curves are
based on the predicted intensity of 4278-A N,* iNG emission,
a conversion to 5577-A emission was made from Figure 4 of
Rees and Luckey's [1974) work. What is shown here is that the
characteristic energy a of the incoming electrons varied be-
tween approximately 0.2 and 6 keV during the airplane flight.
In terms of substorm events this may be summarized in the
following way:

1. The initial poleward expanding arc 1s of low character-
istic energy.

2. The bright, discrete poleward arcs immediately tollow-
ing the poleward expansion are associated with electrons of
relatively high characteristic energy.

3. The diffuse aurora (after the poleward expansion) has a
lower energy characteristic than the bright poleward ex-
panding arc.

Implicit in this result is the support of the Rees and Luckey
model for the particle-emission relationship. Indeed. the char-
acteristic energies determined by the photometric data in Fig-
ure 7 for each type of aurora match very well the observed
particle energy as listed in the last two columns of Table |
Although the agreement is no better than the assur .ption that
the intensity calibration (comparison with ground-based pho-
tometers) i1s within 50% and that the fluctuations are due to
departure from total height integration of the emission

As mentioned earlier, the particle data from the satellite
pass shown in Figure 3 may be regarded as a late substorm
snapshot of the latitudinal distribution of auroral precipitation
as reconstructed from the photometric data. In other words, at
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Fig. 4. Eight representative electron differential number flux spectra from the Isis 2 satellite pass 7073. The dots are
actual data points, and the dashed lines are least square fits of Maxwellian energy distribution curves which are described by
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Fig 5 Energetic particle detector (EPD) data from Isis 2 satellite
pass 7073 Parallel and perpendicular markings refer to detector orien-
tation with respect to satellite spin axis (courtesy of J. R. Burrows).

the ume of the sateffite pass {ute in the substorm, the latitu-
dinal distnibution of characteristic enzrgy determined {rom the
particle data was remarkably similar to that encountered dur -
ing the course of the substorm from the aircraft according to
the photometric observations. Thus the relative latitudinal
distribution of particle energy remained roughly the same and
appeared to expand accordionlike with the poleward expan-
sion of the substorm. The only region in substorm space-time
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Fig. 6. The zenith intensity of the red (6300 A) and green (5577 A)
lines of atomic oxygen are shown as open and solid circles, respec-
tively, as a function of universal time during the NASA 990 aircraft
flight of October 10, 1972. The intensity ratio is the solid line. The
areas covering different auroral features are indicated and explained in
Table 1.

not covered by this generalization is the early equatorward
(diffuse) aurora (Figure 4h), which was equatorward of the
airplane throughout the flight.

Another feature of interest is the appearance in Figures 3
and 44 of a large flux of low-energy electrons near 1105:36 UT.
Although this spectrum indicates an increase of more than a
factor of 10 in total number flux, the contribution to the total
energy flux is almost nothing. The feature is therefore not
visible on the all-sky camera photograph.

UUMMARY

All-sky camera and photometric data were obtained from a
jet aircraft as a function of latitude during the course of an
auroral substorm. Late in the substorm, near magnetic mid-
night, the Isis 2 satellite passed near the zenith of the aircraft
on a north-south orbit. The position of the discrete and the
diffuse auroral regions was determined from the all-sky cam-
era data and compared to the particle data taken by the
satellite. Additionally, the ratio of the red (6300 A ) and green
(5577 A) emission lines of atomic oxygen, as a measure of the
incoming particle energy, was compared to the particle energy
determined from the satellite and to the type of aurora seen on
the all-sky camera.

The results of these intercomparisons are as follows:

1. The diffuse and the discrete aurorzs seen in the all-sky
camera data correspond to the two different particle precipi-
tation regions observed from satellites and referred 1o as CPS
and BPS, respectively [Winningham et al., 1975].

TABLE | Character of Aurora in the Five Areas Shown in Figure 6
Latitude N Characteristic Energy
Area UT. hours deg Type of Aurora Isis 2 Figure 7

) 0915-0921 67 mitial poleward expansionarc 200 eV (Fig. 4a)  200-600 eV

0928-0938 68
2 0923-0928 675 bright discrete poleward arcs >2 keV (non- <4 keV

Maxwellian, see

0945-1014  69-73 A e

1020-1040 72.5-73
3 1040-1110 73-69 between diffuse and discrete 900 eV (Fig. 4e) <1.6keV

aurora

4 1115-1200 69-65  diffuse equatorward aurora ) keV (Fig. 4)) <2 keV
5 0940-0945 69 dark sky poleward of aurora

1015-1020 72-72.5
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2. The diffuse auroral region is associated with stably
trapped energetic particles, and the discrete aurora is poleward
of the stable trapping boundary.

3. The latitudinal distribution of characteristic particle
energies does not change in a relative sense during the pole-
ward expansion but expands accordionlike.

4. The height-integrated intensity ratio of the red (6300 A)
to green (5577 A) emissions of atomic oxygen is a good in-
dicator of the characteristic energy of the incoming particle
spectrum.
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& The Topside Magnetospheric Cleft lonosphere Observed
From the Isis 2 Spacecraft

G. G. SHEPHERD,' J. H. WHITTEKER,? J. D. WINNINGHAM,® J. H. HOFFMAN,? E. J. MaAIER,*
| L. H. BRACE,* J. R. BURROWS,* AND L. L. COGGER®

Data from the Isis 2 spacecraft for five orbits in November 1971 are examined in detail. The spacecraft
was then in cartwheel configuration, permitting detailed angular and spectral measurements of charged
particle fluxes (£ > 5 eV), local ion densities and temperatures, local electron densities and temperatures,
F region peak electron densities, and 6300- and 5577-A emissions accurately located at the field line foot
In the November 9 and 10 orbits, highly structured regions of electron flux having average energies of
~0.7 and ~0.2 keV are observed. The O* density at the 1400-km spacecraft altitude generally reflects the
electron precipitation, disappearing rapidly at the poleward boundary with He* becoming dominant in
the polar cap. Throughout this region of enhanced O* densities, strong polar wind flows of H* are
observed. The electron densities obtained with the topside sounder are sometimes higher than the ion
densities; this is in part due to the structured nature of the cleft region, but other indirect plasma processes
may also be involved. The ion temperature is about 2000°K inside the cleft and rises to about S000°K at
the poleward cleft boundary. The F region peak density shows some structure but no uniquely identifiable
cleft response, and the optical emissions generally show a multiple peaked structure, normally with the
lowest red/green ratio in the equatorward components. The November 17 and 18 orbits differ in that the
electron spectrum precipitation energies are closer to 100 eV, are less structured, and are displaced to
higher invariant latitude. The O* densities are higher, while the light ions are little changed, and O~ is
observed poleward of the precipitation region, implying strong convection perpendicular to the auroral
oval. The optical red/green ratio is higher for these orbits. A tentative explanation for the different
behavior is the passage of a sector boundary between these two dates with the interplanetary field
direction changing from ‘away’ to ‘toward.’

INTRODUCTION The Isis 2 spacecraft offers an opportunity to measure the

- The existence of dayside aurora and the continuity of the cleft particle_ fluxes and ionospheric response at 1400 km as
auroral oval have been known for some time [Feldstein, 1963].  Well as topside electron density profiles and F region peak
Studies of the polar cap ionosphere had revealed topside den- densities. The optical emissions at 6300, 5577, and 3914 A can
sity enhancements attributable to particle energy input on the also be detected with the on-board photometers. This paper
earth’s dayside [Nishida, 1967; Sato and Colin, 1969). But the reports upon a detailed and coordinated set of observations
recognition of the magnetospheric dayside cusps [Heikkilaand ~ for 2 few orbits in November 1971. This period was chosen
Winningham, 1971; Frank and Ackerson, 1971) or cleft [Heik- because the orbit then had a suitable local time, the spacecraft
kila, 1972] came about through the observation of magneto- ~ Was in cartwheel configuration for good measurements of local
sheathlike plasma at low altitudes and high latitudes on the ~parameters, and the polar cap was reasonably dark for optical
earth's dayside. Subsequently, many manifestations of this VIEWINg.
dayside energy source have been identified and studied [Vas-

by yliunas, 1974). Pronounced ionospheric characteristics are ele-

vated electron temperature (Brace and Miller, 1974] and F ; ; ; %
4 e pe Korue = s A brief description of the instruments and a list of relevant

region irregularities [Dyson and Winningham, 1974; Ahmed and ceferences has been given by Shepherd et al. [1973). For this

DATA ACQUISITION

§ Sagalyn, 1973). Whalen and Pike [1973] related the F region : ; )
- P ; S : study a period of cartwheel configuration was chosen (spin
irregularity zone to the occurrence of 6300-A emission, a direct 3 = > : :
. S i axis perpendicular to the orbit plane) in order to obtain the
w© indicator of incident low-energy electrons. ; ; 7
it best ion data. In this mode a complete scan about the velocity
- The role of the cleft as an ionizatiomsource for the polar cap

vector is obtained once every spin (roughly 18 s). In addition, a
complete pitch angle scan is dhtained with the particle detec-
tors.

H is a topic of current study; Knudsen [1974] discus:ed the plausi-
bility of this in terms of the convection pattern in the polar
cap. But a more recent study [Knudsen et al., 1975] suggests

ol ; h ; SR . As will be seen in the re is considerable fine struc-
a that the ionospheric residence time in the cleft is too short to e St Thete '.d b
- ; it ; g ture present in the local plasma. For this reason, caution
; Provic 2 Signiocunt Sect.. WaReRee (15760 TN given & SO should be exercised in comparing the results from experiments
'y tailed review and thorough discussion of ionospheric cleft patne p

which nominally measure the same parameter. For example,
— both the ion mass spectrometer (IMS) and the retarding po-
© tential analyzer (RPA) measure ion density, but since the

effects.
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sensors are located about 90° apart on the spacecraft, the
‘simultaneous’ samples analyzed are separated by about 5 s in
time and 35 km in space. For one instrument the data points
are separated by about 125 km. Thus what sometimes appears
to be a discrepancy in the density profile observations along
the spacecraft track is simply a measure of the fine-scale struc-
ture of the ambient medium. This is to be contrasted with the
local density determinations provided by the sounder, which, it
is estimated, represent a measurement over a scale size of
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Fig. 1. Invariant polar projection, showing the spacecraft tracks
labeled by orbit number, for the orbits used in this study. The regions
of cleft precipitation are shown by the thickened traces.

about | km and which are obtained alternately at intervals of
100 and 300 km. A further complication is that the existence of
sufficiently rapid local variation (which often occurs) pre-
cludes the reduction of the RPA current-voltage curves to
determine the ambient ion temperature. This lack of continu-
ous (once per spacecraft rotation) ion temperature data should
be considered in interpreting temperature differences in the
various regions.

The two-dimensional mapping capability for the optical
data is not available, since the scanning occurs repeatedly
along the spacecraft track. The consequent high redundancy of
the data is used here to minimize the delay time between the
acquisition of the optical data and the direct measurements
made at the spacecraft on the field line connected to the
emitting region. This is achieved simply by selecting optical
data from the single spin giving the minimum time delay for
the center of the cleft region. It was also possible to inspect
adjacent spins to confirm that temporal variations were not
significant. The individual optical data points are obtained at
45 Hz for the auroral scanning photometer (ASP) and 30 Hz
forthe red line photometer (RLP), and though they are con-
verted to equivalent spacecraft time for the plots shown, each
is obtained in roughly 1 s of viewing time, so that it is an
instantaneous pattern that is presented.

DATA PRESENTATION

Figure | is a polar plot in invariant coordinates, showing the
paths of the Isis 2 spacecraft for the passes used in this study.
The extent of the cleft precipitation for each orbit is shown by
the thickened portion along each path. The magnetic times for
the cleft crossings vary within a range of a few hours following
local magnetic noon.

Orbit 2816

Figure 2 shows a composite of the results obtained from
orbit 2816 on November 9, 1971, at 0947 UT. The top frame
shows the soft particle spectrometer (SPS) electron data in the
format described by Heikkila and Winningham [1971). The
magnetic local time and invariant latitude are shown along the
top of this frame, and the invariant latitude is hand lettered
below for clarity. The second frame is from the 150-eV elec-
tron channel of the energetic particle detector (EPD) experi-
ment. !t will be seen later that the cleft electron ene: ies are
sometimes sufficiently low to be entirely below the threshold of
this detector; comparison of this channel with the SPS data
thus gives a very sensitive indication of energy spectral
changes. In this pasticular orbit the EPD channel has four flux

peaks. Thg most equatorward one near 76.3° invariant is the
broadest and is at the poleward limit of a keV flux continuum
that starts at 74.6°. The SPS shows its maximum energy flux
centered at 0.7 keV in this feature. The three more poleward
peaks extending to 78° are narrower and more discrete, and
the SPS shows that their average energy softens toward 0.2
keV with increasing latitude. The keV flux may be character-
istic of 16.5 hours magnetic local time, which is rather far into
the afternoon to be classified as a cleft pass. No protons were
observed, which is also charactegistic of the late afternoon
sector. The other orbits to be shown will be presented in order
of increasing proximity to local magnetic noon.

The next frame, labeled SDR (sounder), shows the local
electron density obtained at 1400 km by the topside sounder; it
is sharply peaked in its latitude distribution, not at the center
of the cleft precipitation but at its poleward edge, 1° of latitude
away. The density enhancement in the vicinity of the cleft is
about a factor of 3. The next lower frame, labeled IMS,
contains the ion mass spectrometer local ion densities, show-
ing a marked O* response over the entire region of energetic
electron energy input. Since the IMS has been intercalibrated
against the SDR, the differences between the two are unex-
pected. Closer examination of individual data points shows
that the single high point in the SDR local density was taken
close to an EPD (and SPS) flux peak, while the closest IMS
point was in the trough between two electron flux peaks. This
point will be discussed later. The O* density drops sharply at
the poleward cleft boundary, beyond which He* becomes the
dominant ion, with several times the density of H*. Through-
out this region (the polar cap) the O* is virtually absent, and
below the threshold of the IMS, a few ions per cubic centime-
ter. The thickened base line of this frame indicates the region
where polar wind flows of H* ions are observed by the IMS to
be greater than | km/s. The flow is seen to occur throughout
the O* enhancement region. The next lower frame (SDR)
shows the electron densities measured at the F region peak and
indicates variatiotis of the order of 50% in the region of the
cleft energy sourbe.

The bottom frame contains the optical emission rates for the
6300- and 5577-A lines, obtained from a single spin as de-
scribed earlier. Multiple peaks are evident, superimposed on a
background that rises in the equatorward direction in response
to local twilight. The most equatorward peak is strongest, at
76.3° invariant. In it the 5577-A intensity exceeds that at 6300
A, and this corresponds well to the equatorward flux peak with
average energy near 0.7 keV. The adjacent poleward peak has
roughly equal 5577-A and 6300-A intensities and seems to
correspond to the narrow pair of electron flux peaks at 77.0°
invariant, which are unresolved in this viewing geometry. A
weak peak, still further poleward at 77.8° invariant, corre-
sponds to the very narrow 0.2-keV flux seen there. These
multiple features appear to be auroral arcs, which are charac-
teristic of the iate afternoon sector [Shepherd et al., 1976].

Orbit 2827

This pass occurred November 10, 1971, at 0638 UT and a
local magnetic time of 14.5 hours; the composite data are
shown in Figure 3. As in orbit 2816, there is a lower-latitude
keV flux continuum from 75.0° to 78.2° invariant, while the
discrete features extend as far as 79.6°. (Note the SPS data
absence due to command sequencing near 77.4°.) The more
poleward region of precipitation is characterized by narrow
discrete fluxes having average energies of <0.2 keV, the two
most poleward features havin‘g energies below the EPD thresh-
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old. Both the SPS and the EPD fluxes show periodic minima at
about 18-s intervals due to scanning through the atmo-
spheric loss cone; the times of downward viewing are shown by
the series of short vertical arrows in the figure. The small EPD
flux peaks poleward of 78.2° invariant arise from sunlight, and
these ‘sun pulses’ are manifested in the SPS spectrogram as
weak vertical bars. A weak proton flux (not shown) ended at
0640:45, at about the same time as the termination of the
electron flux.

Again in this pass the SDR local density has an isolated
peak density about twice that shown by the IMS for which the
O* density is again relatively uniform across the precipitation
region. The solid circle (the only point not visible as a discon-
tinuity in slope in the straight line connection of discrete points
used here) on the dashed curve just prior to the SDR peak is a
second consistent high-density point, suggesting that the ex-
planation offered before of a chance high flux coincidence may
be inadequate. In a stream of 5 X 10'° electrons cm~? s~! of
100-eV energy the number density is about 10? el cm~*. This is
only 1 order of magnitude below the ambient densities, and the
ionospheric response to this charge input may involve electric
fields and waves that affect the electron and ion measurements
differently. In addition, the SDR samples a 1-km region
around the spacecraft and is therefore much more likely than
the IMS to be within sampling range of one of the discrete flux
regions.

As in the previous example, the O* drops sharply at the
poleward boundary, with a slight tail extending to 83.0° in-
variant in this case, beyond which He* becomes the dominant
ion. The H* flow shows a slight break near its equatorward
edge, The F region peak density has a significant response to
the largest EPD peak, which also coincides with the peaking of
a broad optical emission having a red/green ratio of about 4.
There is a narrow equatorward flux peak with a red/green
ratio of 2.5 that coincides with the 0.7-keV flux peak at 77.1°
invariant. The 6300-A emission is the stronger of the two at all
latitudes, and this reddening may be attributed to closer prox-
imity to magnetic noon.

Orbit 2814

The data from this orbit, shown in Figure 4, were taken two
orbits prior to that of Figure 2, November 9, 1971, at 0600 UT
with a magnetic local time of 14.1 hours. There is a keV flux
continuum present from 76.0° to 79.0° invariant, with intense
flux bursts at 79.4°, 78.9°, and 79.6° invariant extending in
energy from 0.1 to | keV. Equatorward of these bursts there
are several others centered near 0.1 keV and one very narrow
intense flux at 77.6° having energies from 5 to 100 eV, evident
only in the SPS spectrogram. A weak proton flux ended at
0603:00 UT. Both the SDR density and the IMS O* density
show a double-peaked response to these distinct regions of ~1-
keV precipitation (there is an SPS data absence near the equa-
torward peak), and the absolute density values agree as well.
This shows that the differences between the electron and ion
densities seen in other orbits do not arise from a consistent
error such as in calibration. It is also appropriate to note here
that these apparent differences between electron and ion den-
sities do not occur at lower latitudes; they are a polar cap
phenomenon.

For this orbit, RPA densities and temperatures were also
available and are shown. Apart from the region near 79.0°
these densities generally agree with the SDR densities, but the
temperature results are surprising at first sight, showing values
below 2000°K in the region of energy input and nearly 5000°K

in a narrow region just at the poleward cleft boundary. But a
numerical model of topside dynamics (J. H. Whitteker, unpub-
lished manuscript, 1976) accounts for this behavior as adia-
batic heating of the ions when the poleward convecting topside
ionosphere collapses as a result of the drop in electron temper-
ature when the convecting plasma leaves the region of precipi-
tation. Further in the polar cap, high values of about 3500°K
are observed. The RPA also indicated the presence of wavelike
plasma structures from 0601:20 to 0603: 11 UT (the region of
precipitation) and again at 0606: 35 (ip the polar cap region of
high ion temperature). In the IMS data, He* again becomes
dominant poleward of the cleft, although O* reappears in the
ion temperature enhancement at 0606. Again, the H* flows
follow the O* enhancement region.

The F region peak densities show a curious weak depression
in the cleft region. There are again two well-defined optical
peaks, the equatorward one being more intense, at 2.5 kR of
6300-A emission. Unlike the two preceding orbits, it has the
higher optical red/green ratio and appears to correspond to
the very narrow intense SPS feature at 77.6° mentioned earlier,
which occurred when the SPS was sampling pitch angles, §,, in
the downcoming (precipitating) loss cone. The poleward fea-
ture appears to correspond to the unresolved features at 78.2°
and 78.7°.

Orbit 2928

These data, obtained November 18, 1971, at 0600 UT and
shown in Figure 5, are dramatically different from the preced-
ing examples. They are taken closer to magnetic noon, at 13.8
hours, which may be a partial explanation. The flux measured
by the SPS is less structured and spreads over a broader
region, while the absence of any significant EPD response
shows that the energies involved are much lower. The weak
proton flux terminates at 0602:30, at the same location as
the electrons. There is a rising base line level in the 5-eV
threshold level that makes the electron energy appear higher
than it actually is in the poleward region. The SDR local
density peaks at the poleward boundary, with much larger
densities present, about 4000 cm~* compared to typically 800
cm~? in the previous examples. The precipitating energy flux
does not have instantaneous values exceeding those of pre-
vious orbits, about 1 erg cm~? sr™' s-'. The O* response is
similar to the SDR response, rising gradually through the cleft
region and dropping abruptly at the poleward boundary, well
beyond the region of maximum energy input. T'he He* and H*
densities (multiplied by 10 on the plot) are not much affected
by this substantial increase in O*, except that H* now exceeds
He*, and the light ions are not dominant in the polar cap. The
H* flows are found throughout the region with the maximum
velocities at the poleward side, where the O* concentration is
lowest. The F region densities may be affected by the energy
input, though one cannot be certain. The optical responses are
dramatic, with a feeble 5577-A response in contrast with a
6300-A emission rate of about 4 kR above background. One
can still imagine a double-peaked structure with no green
component at all in the poleward peak and only a weak one in
the equatorward features. The region of bright 6300-A emis-
sion has sharply defined boundaries, at 74.7° and 79.0° in-
variant, with an extension into the polar cap not seen on
earlier passes. The red/green ratio measured above back-
ground appears to be about 8. All of this i~ consistent with a
dramatic softening of the total energy input, producing a large
increase in 6300-A emission and much enhanced O* densities
at the spacecraft.
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Fig. 6. Further Isis 2 data from orbit 2928 (see Figure S also)
containing CEP s of electron density and temperature,
compared with RPA ion densities and temperatures.

The electron densities at the spacecraft are sufficiently high
to permit electron temperature values to be obtained with the
cylindrical electrostatic probe (CEP). This was not possible in
the orbits previously shown because the spacecraft was ‘:.
sunlight (producing photoelectrons) and the ionosphere was
dark, yielding low densities. The results are shown in Figure 6,
along with those obtained from the RPA. Both the RPA and
the CEP show a sharp response in plasma density about at
0601 UT, at the center of the region of energy input. The RPA
densities are in accord with those obtained from the SDR and
the IMS, and apart from one high point at 0601 :40, with the
CEP densities as well. The SDR electron density peaks at the
same location as does the CEP-measured electron density,
though at a lower absolute value. The electron temperature
shows little variation poleward of the cleft, at about 3500°K,
while the ion temperature shows a pronounced rise, to
7000°K, poleward of the cleft, as seen before in orbit 2814 and
explained as adiabatic collapse heating.

Fine structure in the plasma density is present sporadically
during this pass. An example of the wavelike structure is
shown in Figure 7, which shows 2 s of data obtained simulta-
neously by the CEP and by the RPA. The lower curve is the
current to the cylindrical probe when it was held at a constant
+4-V potential with respect to the spacecraft. The upper curve
is the ion current observation from the RPA when the sweep
voltage change was not causing a significant change in the
magnitude of the current. Some of the fine-scale structure is
present in the same phase relationship in the two signals. This
implies a modulation of the local plasma density (both ions
and electrons) in both space and time. Note that some of the
fine structure in the electron data has extremely sharp bound-
aries, appearing as discontinuities in the current, whereas the
corresponding boundaries in the ion data are often not so
sharp. The RPA instrument time response is adequate to fol-
low the current changes as shown in the electron data. Thus
the differences are real and presumably arise from the iono-
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Fig. 7. lon and electron currents measured by the Isis 2 RPA and
CEP for 25 at 0600: 18 UT on November 18, 1971, showing the small-
scale structure present in the plasma. The current to the CEP (primar-
ily electrons) is measured with the sweep voltage held constant at +4 V
with respect to the spacecraft. Current to the RPA (primarily ions) is
measured with the retarding voltage sweeping at a rate very siow
compared to the scale times of the structure detected.

spheric response to the precipitating electrons, as conjectured
for the apparent differences in SDR and. IMS densities. The
fractional changes in density for the two species are noticeably
different, the fluctuations in the ion current being larger than
the corresponding fluctuation in the electron current. This may
be a further indication that the ion plasma was the driven, or
excited, component receiving its stimulus from the energetic
electrons present in the region. A more complete survey of the
small-scale structures in the cleft region will be the subject of a
separate study.

Orbit 2916

This orbit, at 15.0 hours magnetic time, 1s shown here be-
cause it has characteristics similar to those of orbit 2928, even
though its magnetic time is similar to the imes of the first three
orbits presented. It was acquired on November 17, 1971, at
0717 UT, and the data are shown in Figure 8. The SPS shows a
fairly compact region with energies below 300 eV and with
little prominent structure. There is a weak EPD response to
~79° invariant and only sun pulses thereafter. The weak pro-
ton flux ends at 0718:20 UT somewhat before the electron flux
disappears. The SDR local density again is peaked near the
poleward boundary and trails off far into the polar cap, to
83.3° invariant. The O* peak from the IMS is also sharply
peaked with a density of about half that of the sounder. In a
fashion not inconsistent with the SDR densities the O* density
shows a smaller but significant (300 ions cm ?*) level up to
83.3° invariant as well, substantially poleward of the poleward
boundary of precipitation. The characteristic rise of He* does
not occur until this point is reached. The H* flows are found
again throughout the region of O* enhancement. The F region
density shows a pronounced cleft response in the same loca-
tion as the local electron density peak. The 6300-A optical
emission shows four distinct regions that can be identified with
SPS flux regions, the equatorward component at 2.5 kR being
the most intense. The spike of 5577-A emission cannot be
associated with a flux feature and appears to be transient.
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DiscussioN

All of the data shown here were obtained by relatively low
levels of geophysical activity, from orbit 2916 (Kp = 0o) to
2928 (Ap = 2 ), the other three having Kp values of 1 —. The
AE values order the orbits differently, from 2916 (AE = 20) to
2816 (A£ 79). However, for orbit 2928 (4E = 45) the AE
value was 261 some 2 hours earlier, so some of the distinct
charactenistics of the pass may result from earlier substorm
activity.

From the interplanetary magnetic field (IMF) data provided
by King [1975] and Fairfield and Ness [1974] one finds that the
interplanetary field turned from toward to away at 14 hours on
November 8 and has remained so until late on November 10,
which includes the first three orbits presented, 2816, 2827, and
2814. The following towards sector continued until November
22, which includes the last two orbits, 2928 and 2916. There
are some data gaps in the intervals described, so the boundary
crossings identified do not meet the criteria of Wilcox et al.
[1975]. but provided no rapid changes occurred, the identi-
fications given here should be valid.

Thus the pronounced differences between the characteristics
of the two groups of orbits and the consistency within each
group suggest that the IMF influences the pattern of the cleft
precipitation and the behavior of the cleft ionosphere. For the
toward orbits the electron precipitation is of lower energy,
exhibits less latitudinal structure extended over a broader re-
gion, and is located at a higher invariant latitude, extending
poleward of 80°. (For orbit 2915, not described here, the flux
extends to 83° invariant.) The data analyzed here are rather
limited for such generalized conclusions, but Titheridge [1976]
analyzed a very large body of topside ionosphere data and
concluded that during toward sectors the cleft response is
located at higher latitudes and is broader than during away
sectors. For the away orbits described here the electron precip-
itation is confined to a narrow latitude region, is highly struc-
tured, and contains distinct regions of keV fluxes and 0.2-keV
electrons. In two of the three cases the 0.2-keV precipitation
was seen as narrow discrete flux regions on the poleward side
of the keV precipitation, but in the other case a single intense
5- to 100-eV flux region appeared near the center of the keV
flux region.

We consider now the differences in ionospheric behavior.
For the away orbits the O* density measured at 1400 km
closely follows the electron precipitation, showing its rapid
upward diffusion above the region of production; it is also a
region of strong upward H* polar wind flow. It may be that
these cleft-associated flows are related to those observed in the
plasma mantle [Rosenbauer et al., 1975]. The O* disappears
rapidly at the poleward boundary, implying the absence of
poleward convection, or more likely, convective flow parallel
to the cleft, the existence of which has been shown by Heelis et
al. [1976] and by Jeffries et al. [1975]. In orbit 2814 the rise in
ion temperature immediately at the poleward boundary sup-
ports this idea of minimal convection perpendicular to the
oval. The appearance of He* as the dominant ion in the polar
cap is consistent with the lack of polar wind flow observed
there for these orbits. This may be characteristic of the winter
polar cap. For the toward orbits the O* is clearly seen well
poleward of the region of precipitation, consistent with a
strong convective flow perpendicular to the oval. The rise in
ion temperature also occurs considerably poleward of the pre-
cipitation region.

Another possibility is that the convective effects described
are determined solely by proximity to local magnetic noon.

This does not appear to be the case, because the times of 13.8
and 15.0 hours for the toward orbits overlap those of the away
orbits at 14.1, 14.5, and 16.5 hours. On the other hand, if the
effect of the IMF were to shift the convective pattern in local
time, then a shift of about 1 hour would remove the overlap.
This is consistent with the behavior described by Heppner
[1972], where a dusk-to-dawn IMF (equivalent to toward)
shifted the convective flow toward the afternoon side in the
northern hemisphere. Heelis et al. [1976] have extended Hepp-
ner's one-dimensional dawn-dusk measurements by obtaining
from the AE-C satellite two-dimensional ion flows near the
cleft. They also find a tendency for the flow within the polar
cap to be preferentially directed to either the morning side or
the evening side in the five cases that they examined.

CONCLUSIONS

I. The electron energy spectrum varies dramatically over
the latitude range of the cleft, with distinct components near
0.7 keV and 0.2 keV. The 0.7-keV components tend to be on
the equatorward side, with narrow discrete 0.2-keV flux re-
gions at the poleward boundary, but the 0.2-keV discrete
regions can also be contained within the region of more ener-
getic precipitation. The above pattern was observed during an
IMF away sector, in which the region of cleft precipitation was
also more confined in latitude and was below 80° invariant.
During a toward sector the precipitating electrons were all
close to 0.1 keV and formed a less structured pattern that was
broader in latitude and extended poleward of 80° invariant.

2. The proton input is not a significant energy source for
the ionospheric characteristics described here.

3. At 1400 km the O* density is enhanced to a few hundred
ions per cubic centimeter over the region of cleft precipitation,
and for an away sector it falls sharply at the poleward bound-
ary. For a toward sector the O* was observed inside the polar
cap, well beyond the region of electron energy input. These
differences are attributed to convective flows parallel to and
perpendicular to the auroral oval.

4. For some data points the electron densities measured by
the topside sounder are a factor of 2 or 3 larger than the O*
densities measured nearby. This may be due to the pronounced
structure in the electron fluxes and the consequent ionospheric
response to the charge input combined with the larger sam-
pling volume of the sounder. In the one case of very high
ionospheric densities the electron and ion densities were in
agreement. The same ionospheric response may be responsible
for the plasma waves detected by the RPA and CEP.

5. Throughout the region of cleft O* enhancement, polar
wind flows of H* exceeding | km/s are observed. These termi-
nate at the poleward cleft boundary, where the O* vanishes
and He' becomes the dominant polar cap ion at 1400 km,
about three times more abundant than H*.

6. The ion temperature rises at the poleward cleft bound-
ary when the perpendicular convective flow is weak and rises
well beyond the boundary when the flow is rapid.

7. The 5§577-A and 6300-A emissions are good indicators
of the keV and eV fluxes, respectively. Frequently, a charac-
teristic double hump structure is evident, the poleward one
corresponding to the 0.2-keV electrons and the equatorward
one having a red/green ratio nearer unity. But one optical
peak can correspond to more than one electron flux peak, and
additional weaker optical peaks are also observed. For the
toward sector, with strong 0.1-keV fluxes, the red/green ratio
reached a value of 8.

8. The F region peak density showed little response to the
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cleft energy source, but in some cases a factor of 2 enhance-
ment was discernible.
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Dependence of the Latitude of the Cleft on the Interplanetary Magnetic Field and
Substorm Activity

Y. KAMIDE,"?*?J. L. BURCH,*J. D. WINNINGHAM,® AND S.-1. AKASOFU'

The latitudinal motion of the cleft (the polar cusp) associated with the southward interplanetary
magnetic field (IMF) and substorm activity is examined. The cleft location is identified on the basis of the
location of midday auroras and of electron precipitation (Ogo 4 and lIsis | satellites). It is found that the
IMF and substorm activity control independently the latitude of the cleft and that they can shift the cleft

location by 3°-4° under average conditions.

Several workers have presented clear evidence which in-
dicates that there occurs an inward motion of the magneto-
pause and the accompanying equatorward shift of the cleft
(the polar cusp) during periods when the interplanetary mag-
netic field (IMF) has a southward component [Fairfield, 1971;
Russell et al., 1971, Burch, 1972, 1973; Yasuhara et al., 1973,
Maezawa, 1974; Pike et al., 1974; and many others]. Aubry et
al. [1970] showed that following a southward turning of the
IMF at about 1730 UT on March 27, 1968, the magnetopause
distance became smaller than that expected from the observed
dynamical pressure of the solar wind. Maezawa [1974) con-
firmed statistically the dependence of the magnetopause posi-
tion on the polarity of the IMF, after eliminating the possible
effect of the solar wind pressure variations. Fairfield and Ness
[1970), Meng et al. [1971), Nishida and Nagayama [1973), Caan
et al. [1973), and Meng and Colburn [1974) have established
that a southward IMF is followed by an increase of the mag-
netic energy density in the lobes of the tail. Theoretical inter-
pretations of these observations have been given by Coroniti
and Kennel [1973] and Kan and Akasofu [1974].

On the other hand, Patel and Dessler [1966] and Meng
(1970] showed that the magnetopause distance varies with
geomagnetic activity as well. Further, the equatorward shift of
the day side auroral oval and the cleft has been found to be
correlated with an increase of geomagnetic activity indices
[Feldstein and Starkov, 1967, Burch, 1970; Chubb and Hicks,
1970, Winningham, 1972, McDiarmid et al., 1972). Akasofu
(1972a] and Snyder et al. [1973] have shown that midday
auroras and the ionospheric F layer irregularity zone move
equatorward (and poleward) simultaneously with the devel-
opment (and the decay) of substorms in the night sector.

It is thus of great interest to examine whether or not the
location of the cleft depends only on the north-south com-
ponent of the IMF or on both the IMF and the substorm
activity. If the latter is the case, it is important to examine
quantitatively both dependences. The earlier studies cited
above are not conclusive in examining these problems. Burch
(1972] showed that the boundary of the ‘soft’ precipitation
zone (cleft) moves equatorward during periods of the south-
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ward IMF even without significant substorm activity. He sug-
gested then that the IMF is more important than substorm
activity in controlling the cleft location, although he noted also
that the scatter in his result might arise from substorm effects
[Burch, 1974).

As a first step in examining this problem we examined the
equatorward shift of midday auroras over the South Pole
station (—78.5°, 360.0° in geomagnetic coordinates) which
occurred during periods of a reasonably steady IMF condi-
tion. An example is shown in Figure 1; for details of the all-sky
camera installed at the South Pole station see Akasofu [1972a].
Dipole noon at this station is about 1600 UT.

Figure | shows, from the top, the magnitude and the B,
component (in solar magnetospheric (SM) coordinates) of the
IMF, the superposed H component magnetic records along
the auroral zone in the dark sector, and the approximate
location of the midday auroral arc which is located nearest
to the equator. The height of the aurora was assumed to be
130 km. The hourly Dst values are also shown. Note that
the traveling time of the interplanetary signal to the earth
is approximately 7 min if the solar wind speed is assumed
to be 400 km/s.

The superposition of the H component traces indicates that
the first substorm took place when the IMF B, was fluctuating
around the value of —4 y. The onset time of the substorm was
at about 1500 UT at the latest. At about the same time a fairly
bright arc began to move equatorward over the South Pole.
After 1530 UT, the westward electrojet (the negative H bay)
subsided very quickly. Coincident with this, the arc began to
shift back poleward. From 1640 UT the electrojet activity was
enhanced gradually until about 1900 UT. During this interval
an arc appeared near the poleward horizon and moved equa-
torward. When the auroral electrojet was intensified at about
1930 UT, the arc left the field of view of the all-sky camera and
reappeared at 2040 UT. The intensity of the IMF southward
component gradually decreased between 1700 and 2000 UT.

The equatorward shift of the midday aurora in this particu-
lar sequence of events is thus much more closely related to
substorm activity than IMF changes, since the IMF B, com-
ponent did not show any definite change during the first sub-
storm and even decreased during the second substorm. Thus it
is of great interest to extend Burch's study in examining
whether or not the IMF and substorm activity control inde-
pendently the cleft location.

OGO 4 AND Isis | DaTa

Burch [1973] showed that the cleft location can be deter-
mined mainly by the intensity and duration of the | MF south-
ward component. He demonstrated that the 45-min average
value of the interplanetary B, predicts best the latitudes of the
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zone stations in the dark sector (Dixon Island, Cape Chelyuskin, Tixie Bay, and Cape Wellen), and the location of the
midday aurora observed at the South Pole station on July 27, 1970. The Dst index is also shown.

poleward and equatorward boundaries of cleft with rms errors
of 1.34° and 1.16°, respectively. He has found also that the
cleft latitudes were ordered much better using the B, value
rather than the 8 (the latitude angle of the IMF). The purpose
of this section is to investigate further the accuracy with which
the cleft location can be predicted based on the IMF and the
available geomagnetic activity indices.

Data. Full information concerning the Ogo 4 (altitude
400-900 km) auroral particle experiment and the electron data
used in determining the cleft is given by Hoffman and Evans
[1968] and Burch [1973], respectively. From July to October in
1967 and 1968, 54 Ogo 4 passes were chosen, which occurred
in the 0900- 1500 magnetic local time (MLT) sector. The delay
time from the interplanetary observing position to the magne-
topause was less than 5 min. The invariant latitude of the cleft
was determined on the basis of electron data of energies 0.7,
2.3 and 7.3 keV. Throughout this study we restrict our atten-
tion to the lower (equatorward) boundary of the cleft. This is

because for the upper boundary (1) it is more difficuit to make
unambiguous identification of the precipitation boundary in
many cases, owing to the appearance of localized spikes or
drizzle of precipitation into the polar cap [Winningham and
Heikkila, 1974), (2) the data sample number (21 samples) 1s
too small, and (3) the fact that all the 12 passes for the south-
ward IMF took place during substorms makes separation of
the IMF and substorm effects impossible.

Details of the Isis | soft particle spectromeier can be found
in the work by Heikkila et al. [1970]. The method deriving the
cleft boundary can be found in the work by Yasuhara et al.
[1973). Data included in this paper were obtained between
February and July in 1969 in the 0800-1600 MLT period.

The IMF data used here are recorded by Explorer 34 and
Explorer 35 for the Ogo 4 and Isis ‘1 data, respectively. To
determine the delay time of the interplanetary signal to the
magnetopause (which was assumed to be at Xgy = 10 Ryg) in
each case, available solar wind velocity measurements from
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Explorer 33, 34, or 35 were used. Substorm activity was mainly
monitored by the AE index [Allen et al., 1973, 1974a, b).

Results.  Figure 2 shows the relationship between the cleft
location (the lower latitude boundary) and the IMF B, com-
ponent averaged for periods of 45 min prior to the satellite
passes.

The dashed curve in Figure 2 shows the relationship be-
tween the cleft latitude A (in degrees) and B, (in gammas)

A =755+ 0538, —0.05B,*

which was obtained by a least squares quadratic fit to the data;
the rms deviation is 1.16° [Burch, 1973]. This empirical equa-
tion predicts the latitude of the equatorward boundary of the
cleft with an accuracy of better than 3° for -6y < B, < 6v. 1t
can be seen that a systematic lowering of the cusp of about 5°
occurs between B, = 0 and —6 v, whereas it moves poleward
by only 1.5° for positive values up to +6 7.

The points are grouped into quiet periods by open circles
and substorm times by triangles. The division between the
quiet and the substorm cases was made primarily by referring
to the presence of a sharp increase of the AE index (i.c., a
decrease in the H component along the night side auroral
zone). We also checked carefully individual magnetograms in
auroral latitudes and mid-latitudes. For the five points, how-
ever, it was not possible to determine from the available geo-
magnetic records whether there occurred substorms or just
fluctuations. These points are represented by double circles in
Figures 2 and 3. It is clear that almost all the points observed
during substorms lie below the dashed curve, regardless of the
polarity of the IMF. In contrast, it is seen that the cleft during
quiet times is located at higher latitudes than the above empir-
ical equation predicts. The cleft during substorms associated
with the northward IMF is located almost at the same latitude
as it is during geomagnetically quiet period with the southward
IMF. This feature can be seen particularly in the range of —3
< B, < 2 v, where the sample number for quiet times is almost
the same as that for substorm times. Exceptions (marked by

BRIEF REPORT

points A and B in Figures 2 and 3) occurred under unusual states
of the IMF. The point A was observed during an abnormally
large magnitude of the IMF (~18 v), so that the correspond-
ing Bym value of the IMF was only —19°. The point B actually
occurred during a northward IMF time, although the average
B, value for 45 min prior to the satellite pass was —2.43 v; a
sudden northward turning of the IMF occurred about 20 min
before the Ogo 4 pass. Both were observed during rather small
substorms (maximum |4L| = 280 and 310 vy for A and B,
respectively). These characteristic features indicate that both
the IMF and the substorm activity are related to the location
of the equatorward boundary of the cleft. A similar tendency is
found in the published data of electron and proton cleft precip-
itation as determined from Isis | satellite [Yasuhara et al.,
1973).

In Figure 3 the difference AA between the invariant latitudes
of the observed cleft and the latitude expected purely from the
average B, of the IMF are plotted as a function of three
geomagnetic indices (4E, Kp, and Dst):

AA = Am = .\o

where A, is the actual observed latitude and A, = 75.5 +
0.53B, — 0.05B.%. Generally, AA becomes more negative with
the increase of geomagnetic activity. It correlates well with the
AE index, except for the points A and B; the abnormal behav-
ior of the IMF at those times was described earlier. It is
surprising that even the Kp index, which is a 3-hour interval
index, can predict the deviation of the cleft latitude from the
level that is expected from the IMF B, alone. It should be
noted that there is a close relationship between the B, of the
IMF and the AE [Arnoldy, 1971; Meng et al., 1973}, Kp [Hirsh-
berg and Colburn, 1969], and Dst [Kane, 1974; Kamide, 1974)
indices. Thus it is not particularly surprising that the cleft
location depends on all these indices.

Further, an attempt was made to determine statistical equa-
torward boundary of the cleft on the basis of the two parame-
ters, B, and AE. Measurements from polar-orbiting satellites,
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Fig. 2.

Location of the equatorwapd boundary A of day side (0900-1500 hours MLT) cleft electron precipitation

(based on Ogo 4 data) for 45-min B, averages between ~6 and +6 y. The dashed curve represents a second-order
polynomial fit to to the data; A = 75.5 + 0.538, — 0.058,*. The points are grouped into quiet periods and substorm times
depending on the magnetic condition of the period when the left was observed. For an explanation of points A and B see the
text.
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purely from the average B,) on three geomagnetic activity indices (4E, Kp, and Dst).

however, have an inherent drawback in that the determination
of the cleft position is obtained only once per crbit in the
northern hemisphere. To overcome this difficulty, we have
added 63 points of the cleft precipitation boundary determined
from Isis | satellite data. One must be cautious in combining
the two sets of data (Ogo 4 and Isis 1), since the boundary
determined by detectors for particles of different energies may
have a slightly different meaning. Also, some error could
emerge from the determination of the 45-min average B, value,
since the interplanetary satellite (Explorer 33) was behind the
carth (XYau = —10 to —87 R;g) during the measurements by
Isis 1 in 1969.

The results are shown in Figure 4 by drawing the fines of
equal latitudes A of the cleft location by a computer after
plotting the observed vafues A on the B,-AE diagram. The
scale of the horizontal line (8, of the IMF) and the vertical
scale (A E index value) are given in such a way that the range of

. e ™

the B, value (14.9 ¥ = B, max — B: min) for the 117 cases, that
we have examined here, and the maximum AE value (900 v)
are represented with the same length. If the B, value is the only
important factor in determining the cleft location regardless of
substorm activity, these isolatitude lines should be vertical. It
can be seen from this statistical result that both the IMF and
the substorm activity have a determining role for the latitude
of the cleft and that both have about the same amount of
influence in terms of the latitudinal shift in the range which we
have examined in this study (éspecially for the B, range less
than +3 ). There is also a tendency that for the northward
IMF (B, > +3 ¥) the cleft motion is more sensitive to the AE
index than for 8, < + 3 v. This is reflected in the lack of strong
dependence on the IMF as it becomes more northward, result-
ing in a behavior dominated by the level of substorm activity.
One should note, however, that the AE index is not most
suitable for monitoring properly ‘contracted oval substorms,’
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which occur beyond the field of view of the A E stations gener-
ally under northward IMF conditions [cf. Kamide and Aka-
sofu, 1974].

DiscussioN

In this study we have identified the separate roles of the IMF
and substorm activity in controlling the latitude of the equa-
torward boundary of cleft electron precipitation. Although
periods of strong southward IMF have been observed to be
associated with very low latitude cleft locations even during
quiet times, the occurrence of substorms has been shown here
to add noticeably to this equatorward shift. Added to knowl-
edge of the interplanetary B, component, a simple classifica-
tion into quiet or substorm conditions improves considerably
the accuracy with which the cleft latitude can be predicted.

The role of the southward IMF to initiate the net transfer of
magnetic flux from the day side to the night side which is
associated with the equatorward shift of the cleft has been
discussed in the literature [e.g., Cos - ‘ti and Kennel, 1973; Kan
and Akasofu, 1974; Burch, 1973]. It is thus reasonable to infer
that the efficiency of transfer of day side magnetic flux depends
on the amount of the southward IMF flux impinging on the
magnetosphere, which is proportional to the dawn-dusk elec-
tric field across the polar cap [e.g., Sonnerup, 1974).

The present study indicates that the occurrence of magneto-
spheric substorms also influences greatly the cleft location.
Such a relationship between the cleft location and the AE may
not be unexpected, since there appears to be a general relation-

ship between the southward IMF and the AE index [cf. Ar-
noldy, 1971; Meng et al., 1973]. This paper, however, stresses
that the cleft moves equatorward in conjunction with the oc-
currence of substorms even during a northward IMF period. It
is also shown that, even during extended periods of nearly
constant IMF, the substorm effects are particularly apparent
such that time variations of the equatorward shift of the mid-
day aurora and those of the auroral electrojet in the midnight
sector are very similar (see Figure 1).

It has generally been thought that the magnetospheric sub-
storm is a manifestation of a suddenly enhanced reconnection
of magnetic flux in the magnetotail, returning the newly closed
fluxes to the day side. Thus we would expect a poleward
motion of the cleft during substorms. A kasofu [1972a] showed,
however, that the equatorward drift of the cleft is well corre-
lated with a growth of negative bays along the auroral zone in
the midnight sector and that the subsequent poleward return
of the cleft is correlated with the recovery of the negative bays.
Thus the observed equatorward motion of the cleft does not
seem to agree with the above-mentioned concept of the sub-
sterm.

There are at least two possibilities for this conflict. The first
one is that during a substorm there occurs a process which
causes an equatorward motion of the cleft. Yasuhara et al.
[1975a] have recently shown that an enhancement of the S,”
(three-dimensional ) current system during substorms can shift
the cleft location equatorward by a few degrees. The S,” cur-
rent system consists of a flow into the morning part of the
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auroral oval along magnetic field lines, along the auroral oval,
and out from the evening part of the oval along field lines. The
growth of such a current system during substorms was first
proposed by Akasofu [1972b], and has been discussed by
McPherron et al. [1973), Kamide et al. [1974), and Kawasaki et
al. [1974). Indeed, Yasuhara et al. [1975b]) showed, on the basis
of their analysis of Triad data, that the intensity of field-
aligned currents increases with Kp.

The second possibility is that the cleft location does not
indicate the demarcation line between the open and closed
fluxes during substorms and thus that the equatorward cleft
motion does not indicate the net transfer of magnetic flux from
the day side magnetosphere to the magnetotail. Indeed, it is
not necessarily certain, at present, whether or not the cleft
precipitation always occurs near the boundary of the open and
closed field lines. McDiarmid et al. [1972] showed that the cleft
precipitation can occur well equatorward of the trapping
boundary. It is suggested that the location of the cleft precipi-
tation with respect to the trapping boundary should be exam-
ined as a function of substorm activity. It is of great interest to
examine how the equatorward boundary of the area of the
precipitation of solar electrons varies during a substorm, since
low-energy solar electrons are thought to be good traces of
magnetic field lines.
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lonosonde Observations of the Northern Magnetospheric Cleft
During December 1974 and January 1975

G.S. STILES,! E. W. HONES, JR.,2J. D. WINNINGHAM,* R. P. LEPPING,* AND B. S. DELANA®

During December 1974 and January 1975 the northern magnetospheric cleft was monitored by
ionosondes at Cape Parry and Sachs Harbor, Northwest Territories, Canada, in support of rocket shots
into the cleft. lonograms were taken nominally at 15-min intervals but as rapidly as two per minute
during times of particular interest. Analysis of 5 days of data shows the ionosphere at cleft latitudes to be
very complex and dynamic. The ionograms often show considerable structure and can change appearance
significantly in a minute or two. The cleft at times appears to move equatorward in response either to a
southward turning of the interplanetary magnetic field or to the occurrence of geomagnetic disturbances.
This response is in agreement with the conclusions of previous satellite studies. Behavior contrary to this
generalization is not uncommon, however, and therefore it may not always hold on time scales consid-
erably shorter than the satellite orbital period of 21 hour. The rate of the cleft’s motion may vary from

~0.05 to ~0.5 deg/min.

INTRODUCTION

Since the initial discovery of the magnetospheric cleft by
satellite instrumentation [Heikkila et al., 1970; Winningham,
1970; Heikkila and Winningham, 1971; Frank, 1971, Frank and
Ackerson, 1971; Russell et al., 1971}, considerable effort has
been devoted to the investigation of this phenomenon (see
the summary by Vasyliunas [1974)). This work has shown that
the plasma found in the cleft is very much like that seen
in the magnetosheath [e.g., Winningham, 1972]. The location
of the cleft has been found to respond both to changes in the
interplanetary magnetic field and to the occurrence of geomag-
netic disturbances [Burch, 1972; Kamide et al., 1976]. Much of
the current study in this field is thus devoted to the relation
between the interplanetary and cleft magnetic fields and the
mechanism by which the magnetosheath plasma enters the
cleft.

During December 1974 and January 1975 two groups
launched rockets into the northern cleft in attempts to examine
the particle populations, the magnetic field, and the convection
of plasma. The success of these experiments depended upon an
accurate knowledge of the location of the cleft prior to the
launching of the rockets. Ground-based ionosondes were one
of the techniques used to monitor the cleft’s position. In this
paper we describe the results of an analysis of the ionograms
made in support of the rocket flights.

The rockets were launched from Cape Parry, located on the
Arctic coast of Canada (Figure 1). The December flights were
organized by a C:nadian group and concentrated on making
optical and particle measurements; the initial results are re-
ported by Shepherd et al. (1976]. The January flights were a
cooperative effort by the Los Alamos Scientific Laboratory
(LASL) and the University of Alaska (UAK). Two rockets
were launched whose primary purpose was to project barium
ion clouds upward along the cleft field lines by means of
shaped explosive charges. The rockets also carried particle
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detectors. The LASL-UAK experiments have been described
by Jefiries et al. [1975).

A considerable amount of ground based data were taken in
support of these flights to aid both in the location of the cleft
and in the interpretation of the results. lonosondes were lo-
cated at Cape Parry and Sachs Harbor (see Figure 1). lono-
sondes have proven most useful in locating the projection of
the cleft upon the ionosphere [Pike, 1971, 1972; Winningham
and Pike, 1972; Pike et al., 1974; Ungstrup et al., 1975; Shep-
herd et al., 1976). lonograms were taken nominally at 15-min
intervals; however, during periods of particular interest the
spacing was decreased to a minute or so.

Optical phenomena were also monitored. Photometers were
installed at Cape Parry and Sachs Harbor, and an all-sky
camera was located at Sachs Harbor. Some of the photometric
observations during this period are described by Shepherd et
al. [1976]. Whalen and Pike [1973] had shown earlier that
photometer measurements of 6300-A emissions may be used to
determine the position of the cleft.

Satellite data were used to check the ground-based measure-
ments and to aid in the analysis of the results. The position of
the cleft was measured on several passes by the soft particle
spectrometer (SPS) aboard Isis 2 [Heikkila and Winningham,
1971]. Defense Meteorological Satellite Program satellite
photos [e.g., Pike and Whalen, 1974) were used to monitor
auroral activity. The interplanetary magnetic field (IMF) and
solar wind velocity were measured by Imp 8 whenever that
satellite was suitably located. One of the principal goals of the
present study was to investigate the relation between changes
in the IMF and the movement of the cleft. Earlier work [e.g.,
Burch, 1972) indicates that the motion of the cleft is correlated
with changes in the z component of the IMF.

RESULTS

Since the ionospheric manifestation of the cleft may be a
degree or more wide and since its poleward boundary may not
be sharply defined, ionosondes are most useful in tracking the
position of the cleft when it is poleward of the sounder. Under
these conditions, oblique echoés of the ionosonde radio signals
from the cleft’s relatively sharp equatorward boundary of
ionization will produce unique traces on the ionogram pro-
vided that the cleft is not too distant (examples are given by
Pike [1971, 1972), Pike et al. [1974), Ungstrup et al. [1975), and
Shepherd et al. {1976]). During the December and January
period this condition was satisfied for 5 of the 7 days on which
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Fig. I. Rockets were launched from Cape Parry, Northwest Terri-

tories, Canada. lonosondes were located at Cape Parry and Sachs
Harbor. Coordinates are invariant geomagnetic latitude and longitude
[Evans et al., 1969] at an altitude of 300 km.

IMF measurements were obtained by Imp 8. The discussion
below will be limited to ionograms made on those days.

We first examine two sequences of ionograms to give the
reader an idea of the type of data upon which the conclusions
below are based. These sequences are intended to emphasize
the rapid and dramatic variations that can occur in the iono-
grams and to indicate the problems that may arise when one
tries to deduce the position of the cleft.

The first sequence (Figure 2) was made on December 6,
1974, from 2305 to 2325 UT. (The rocket flight described by
Shepherd et al. [1976] began at 2332:06 UT.) The Sachs Har-
bor records do not show much change throughout this period.
fhere is some evidence of the normal X and O F layer traces,
but the critical frequencies are not particularly well defined
(except at 2315, where the second-order trace is fairly clean).
Throughout most of the records there is an irregular feature
extending past S MHz between 300 and 400 km that shows

km
-800
400

Fig. 2. lonograms from Cape Parry and Sachs Harbor for December
6, 1974.

0
10 MHz

CAPE PARRY

Fig. 3. lonograms for January 11, 1975.

spreading and only a small amount of retardation at its high-
frequency end. Such irregularities are characteristic of the cleft
and, with the presence of the obscured X and O traces, suggest
that the equatorward boundary of the cleft is located close to
Sachs Harbor.

The Cape Parry records differ greatly from those made at
Sachs Harbor. At 2306 the Cape Parry O and X traces are
better defined. At this time the only evidence of the cleft at
Cape Parry is several horizontal features just above S MHz
between about 390 and 510 km. As is explained in the work by
Pike [1971, 1972], these returns are interpreted as being
oblique reflections from ionospheric features that are not di-
rectly above the sounder. The closest feature is presumed to be
the equatorward edge of the cleft precipitation zone. The
measured height (~390 km for the closest feature) thus gives
the slant range along the oblique path to the edge of the cleft.
The actual altitude of the cleft must be assumed. Note that at
2306, virtually no returns are visible between 300 and 400 km
from ~2 to ~3.5 MHz.

In the next ionogram (2309 UT), however, there is a strong
oblique return (with retardation at its high- and low-frequency
ends) from the cleft between 2 and S MHz with a minimum
range of ~360 km. It does not appear that this feature is the
result of a simple equatorward motion of the cleft; the feature
at 430 km (3.5 MHz) at 2306 actually seems to have moved
poleward (to ~450 km) by 2309.

By 2311 there is a strong cleft return at ~315 km. There is a
hint of a return near this altitude at 2309, and it is not clear
whether the strong return at 2309 has moved equatorward or
whether a new feature has appeared. The short feature at ~3.4
MHz, ~350 km may be the remains of the strong trace at 2309.

Throughout the remainder of the sequence the ionograms
continue to show rapid variations. At times there may be only
one predominant trace (2313, 300 km, 3 MHz, and 2320, 340
km, 3 MHz), while minutes later several weaker cleft returns
may be detectable (2315 and 2323). (Note that the appearance
of a strong sharp return at short range seems to preclude
observation of weaker returns at longer ranges.) The virtual
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Fig. 4. Ground magnetograms, interplanetary magnetic field, and
! invariant latitude of the cleft for December 4, 1974. See text for
explanation. Magnetic local time is shown along the bottom.

heights of the returns may vary by several tens of kilometers
from record to record. It is difficult to account for these
changes in height and appearance by assuming that the cleft as
a whole is simply moving latitudinally.

The second sequence of ionograms (Figure 3) was made just
prior to the second LASL-UAK barium release, which oc-

b curred at 0032 UT on January 11, 1975. As in Figure 2 the
Sachs Harbor records indicate that the equatorward edge of
1 the cleft is very close and possibly overhead. The F layer (X
k& .
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Fig. 6. January 1-2, 1975.

and O) traces show considerable frequency spreading. At 0020
a broad trace extending from about 2.7 MHz at 200 km to
about 5.7 MHz at 230 km may be seen: this may be an auroral
E layer seen obliquely. Five minutes later this feature has
increased about 30 km in range. Note that the space between
200 and 300 km is almost filled at 3 MHz. At 0030 there are
two strong traces, one like the first feature at 0020 at 200 km
and another cleftlike trace near 260 km. A fainter trace may be
seen near 350 km.

The Cape Parry records in this interval show, as in the
previous example, more variation than do those from Sachs
Harbor. Throughout the sequence the X and O returns from
the normal F layer may be seen. The traces at ~300 and ~ 350
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Fig. 7. January 9-10, 1975.
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X | S | (T TABLE 2. College K and Planetary Kp Magnetic Activity Indices
K 100y | et SR e )
’ ’

1800-2100  2100-2400  0000-0300

Date uT uUT UT
December 4-5, 1974 1,1 I L1
December 6-7, 1974 0,0+ 0,1- 0,2-
January 1-2, 1975 {2 1,2- 0,1+
January 9-10, 1975 I I = 0,1+ 0,2
January 10-11, 1975 1,04 0,1+ 0,2

1100 1200 1300 1400 1500 MLT
10-11 Jon 1975

Fig. 8. January 10-11, 1975.

km between 1.5 and 2.5 MHz, which show the same shape as
the O trace, are probably returns from a tilted F layer pole-
ward of the station and in the vicinity of the equatorward edge
of the cleft.

The cleft returns in this sequence may be found between
~300 and ~ 500 km at frequencies above (to the right of) the X
trace. At 0022 two cleft returns may be seen at 300 and 340 km.
Over the next 5 min these returns change rapidly. It appears
that all the traces may be drifting poleward at a rate (~0.5
km/s) sufficient to produce an increase in slant range of ~20
km/min. Drifts of similar magnitude and direction have been
reported for the F layer plasma in the cleft [Knudsen, 1974) and
dayside auroral features [Vorobjev et al., 1975]. Note again
that at several times, multiple cleftlike returns can be seen.

Before proceeding with the discussion of the analysis of
ionograms of this type we should summarize briefly their more
important characteristics. First, as is most obvious from the
examples, the appearance of the ionograms may change signif-
icantly on a time scale of a minute or so; traces may appear
and disappear rapidly. Second, the ionograms from the two
stations may differ greatly (this is due to the different positions
of the two stations relative to the cleft and may reflect signifi-
cant changes in the nature of the cleft over distances of ~100
km). These factors greatly complicate the process of tracking
the cleft by simply measuring the slant range of apparently
oblique returns.

The results of scaling the ionograms are shown in Figures
4-8. At the top of each figure are shown nightside magneto-

TABLE | Position of Imp 8 in Solar Magnetospheric Coordinates

Date r.Rg ¢, deg 0, deg
December 4-5, 1974 336 303.2 6.4
December 6-7, 1974 276 213 429
January 1-2, 1975 N2 $34 15.1
January 9-10, 1975 132 259.1 -14.2
January 10-11, 1975 285 287.1 9.7

K is the first number in each entry, and Kp is the second.

grams from Kiruna (magnetic midnight, ~2100 UT) and
Leirvogur (magnetic midnight, ~0000 UT).

In the second panel is shown the z component (in solar
magnetospheric coordinates, positive northward) of the IMF.
These measurements are 1.02-min averages. The data show
occasional gaps of several minutes. The position of the satellite
is given in Table 1. At all times of interest, Imp 8 was in the
solar wind.

The solid vertical lines drawn across the panels mark ap-
proximate times when B, goes negative. The dashed vertical
lines are estimates of the times at which the changes in B,
should reach the nose of the magnetosphere if the associated
change in the total field vector is primarily a latitudinal one
and at approximately the fixed longitudinal direction of 135°
(or 315°) and if this discontinuity (or gradient) moves radially
outward from the sun at ~ 450 km/s. (The longitudinal direc-
tion and the solar wind speed have been checked against the
available data and faithfully apply to most events within ac-
ceptable error limits.) Since we are limited to data from one
satellite, we obviously cannot determine with certainty the
surface of the change in B,; the dashed lines are intended only
as rough estimates.

The third panel gives the absolute location A, in corrected
geomagnetic latitude of the equatorward edge of the cleft as
determined by the method described below. The fourth panel
gives the deviation AX of the cleft from its expected position.
The expected position, which is a function of magnetic local
time, is a smoothed version of the results of Winningham
[1972] and is shown as a solid line in the third panel. It may be
that Winningham's curve should be shifted a degree or so to
higher latitudes [see Burch, 1972] because of seasonal varia-
tions. We are more interested in the motion of the cleft than in
its absolute position, however, and the correction for diurnal
variations given by Winningham's curve is considered ade-
quate.

The latitude of the cleft is calculated from the measured
range of the closest echo and an assumed altitude of 260 km
[see Pike et al., 1974). All ionograms containing oblique
echoes are used. In the initial calculations a flat earth is as-
sumed for convenience. The distance along the earth from the
ionosonde to a point directly below the reflecting layer is
derived and then translated into degrees of latitude. This value
is then added to the invariant latitude of the ionosonde to give
the location of the equatorward boundary of the cleft. The
invariant latitudes of the ionosonde stations are taken from
the 300-km altitude values of Evans et al. [1969) (see Figure 1).

For the relatively small ranges of latitude involved (~4°) the
use of the flat carth approximation does not result in very large
errors. The correction to the position of the cleft's lower
boundary is less than 0.1° and approaches zero as the cleft
moves southward toward the ionosondes. Since this error is
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about a factor of 4 smaller than that introduced by the uncer-
tainties in the measurements of the slant ranges, it has not been
corrected in the final results. Uncertainties of +10 km in the
slant range and assumed altitude yield a spread of about +0.4°
in the latitude.

During the December period of observation, periodic mea-
surements of the cleft location were also made by the Isis 2
satellite. The satellite measurements are shown by solid
triangles in the plots of A, for December 4 and December 6.
Absorption prevented ionosonde measurements at the time of
the December 4 satellite crossing. Simultaneous measurements
were obtained on December 6 and on another day later in the
month when IMF data were not available. On these two
occasions the ionosonde and satellite measurements of the
cleft’s position agreed to within 0.5°.

Magnetic conditions during the observations are shown in
Table 2. The local K for College, a station near the magnetic
longitude of the ionosondes, is shown as well as the planetary
index Kp.

December 4, 1974

As is true throughout most of the periods to be covered, this
time was fairly quite magnetically (Figure 4). The College
magnetogram showed a small amount of activity at 2020,
2130, and 2350. Small positive bays (~ 50 y) were recorded at
Leirvogur from 2220 to 2250 and at 2340.

The z component of the IMF shows small fluctuations
throughout the period; these fluctuations are probably due to
waves propagating upstream from the bow shock [Heppner et
al., 1967]. B, is mostly positive, but does turn significantly
negative from 2128 to 2222 UT.

The cleft measurements are unfortunately prevented by D
region absorption of the ionosonde signals from 1900 and
2100. Just prior to 1900, AX is between +1° and +2°. The cleft
remains mostly poleward of its expected position until ~2200,
when it begins to move equatorward. This motion continues
until about 2240, wisn the equatorward edge comes to rest
over Sachs Harbor. Equatorward motion resumes at 2330, and
for the remainder of the period the equatorward edge was at
least as far south as Cape Parry.

Because of the gap caused by the absorption it is difficult to
associate with certainty the equatorward motion of the cleft at
2200 with the southward turning of B, at 2128. The sudden
equatorward movement of the cleft at 2330 is quite clear,
however, and coincides (within the resolution available) with
the onset of the small positive bay at Leirvogur.

December 6-7, 1974

At the time at which the IMF measurements begin, B, is
northward at about +4 vy and is slowly decreasing (Figure 5).
Unfortunately, there is a large gap in the IMF data between
2100 and 2200. It is thus not possible to determine exactly
when B, first becomes negative.

The cleft first begins to move equatorward at about 2200
UT, possibly soon after B, goes negative. This motion contin-
ues until about 2215, when both AA and B, become more
positive. B, remains close to zero until 2313, when it turns
sharply southward. During this time the cleft first moves pole-
ward, peaking at ~2230, then moves equatorward until ~2250,
and then moves poleward until 2309, when it moves sharply
equatorward.

Because of the gap n. the magnetic data it is not possible to
establish the timing between the initial equatorward motion of
the cleft at 2200-and the southward turning of the field. Nor is

it clear why AA goes negative again after 2230. It may be that
the motion of the cleft from 2200 to 2305 is related to os-
cillations in the position of the magnetopause, such as have
been reported by, for example, Aubry et al. [1970] and derived
theoretically by Holzer and Reid [1975]. The period in the
present case (~30 min) is longer by a factor of 2 or more than
the reported periods, however.

The drop in AX at 2309 may be associated with the sharp
change in B, at 2313. Allowing for the assumed propagation
delay, AN thus drops about 10 min before the change in B,.
The inconsistency may be due to the fact that the satellite was
~ 18 R, above the ecliptic plane and that the discontinuity was
in a plane other than that assumed. These circumstances may
invalidate our simple model for the propagation of changes in
B.. Following this drop the cleft remains about 1.5° below its
expected position and does not return poleward as it did
following the decrease of 2200. This difference might be ac-
counted for by the fact that B, remains significantly southward
after 2313, while it became more positive following the de-
crease at 2200.

Since the geomagnetic activity is so low prior to 2345, we
assume that the motion of the cleft up to this time is due
principally to changes in the IMF. On the other hand, from
2345 on, B, remains southward, and one would not expect it to
be responsible for the equatorward motion of the cleft at 0015.
This motion may be associated with the weak geomagnetic
activity from ~2400 on.

January 1-2, 1975

B, is relatively smooth on this day and exhibits three well-
defined southward turnings, one sharp drop at 2220 and two
significant zero crossings at ~2242 and 2355 (Figure 6). The
nightside magnetograms are again very quiet, but Leirvogur
did record a sharp negative bay of <100 vy beginning at 0135.

Although there is little magnetic activity and B, is north-
ward until ~2240, the cleft is found equatorward of its ex-
pected position throughout the period. The sharp drop in B,
near 2220 does not appear to provoke a response in A,, possi-
bly because B, does not go very negative or because the cleft is
already somewhat equatorward. The cleft does move equa-
torward at 2245, about 5 min after the southward turning of
B.. B, returns to positive values within several minutes, but AA
remains at about —1.5° for the ensuing hour. Why A\ stays
depressed is not clear; there is only a very small amount of
magnetic activity (AH < 50 v) recorded on the nightside at
this time.

When B. becomes negative again at 2355, A\ actually be-
comes more positive, in contrast to the earlier results. B,
remains near —1 vy throughout the rest of the period, but the
cleft begins to move equatorward again at 0100. The cause of
this motion is also unclear; it may be simply an extreme
example of the diurnal motion.

January 9-10, 1975

During this interval, B, again shows evidence of upstream
waves and does not exhibit any well-defined sustained changes
in direction (Figure 7). B, is positive throughout most of the
record. Aside tfrom some small disturbances from ~2100 to
~2230, nightside magnetic activity is quiet.

During the first hour the cleft is moving poleward. At 2200,
AA starts to become more negative, possibly in response to the
geomagnetic activity occurring at that time. For the remainder
of the period the cleft remains a degree or so equatorward of
its expected position,
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January 10-11, 1975

B, is somewhat erratic but shows a fairly clean change in
direction from northward to southward at about 2216 (Eigure
8). Note that there is a sharp jump in B, at 2105; the College
magnetogram also shows a jump in H at the same time. Such
changes in high-latitude magnetic records are often correlated
with changes in the IMF [Burch, 1972). This indicates that
there may be little propagation delay for the solar wind be-
tween Imp 8 and the front of the magnetosphere.

Leirvogur recorded a substorm beginning at about 2350; the
negative bay peaked at ~—130 y at 0020 and recovered by
0050. Small (<50 v) fluctuations followed for the next hour.
(Note that Leirvogur also detected the small jump at ~2105.)

Prior to 2200, while B, > 0, the cleft is seen to be moving
generally poleward. At 2215, close to the southward turning of
B,, the cleft begins to move equatorward. This motion contin-
ues for about another hour. The average rate of the motion
until 2315, when the cleft appears to reach an equilibrium, is
about 0.04°/min.

From 2330 to 2400 the cleft appears to be drifting poleward
again. At about 2400, just after the onset of the negative bay at
Leirvogur, the cleft rapidly moves about 2° equatorward. For
the remainder of the observation, AN remains negative, even
though B, becomes more positive after 0100.

Summary

There are eleven cases when the edge of the cleft shows
significant equatorward motion. In agreement with the earlier
work mentioned in the introduction it appears that the cleft
responds both to changes in the polarity of B, (four cases: 2200
and 2313 December 6, 2245 January |, and 2216 January 10)
and to the occurrence of geomagnetic disturbances (two cases:
2332 December 4 and 2400 January 10). In 2 of the 11 cases
the motion of the cleft did not appear to be associated with
either B, or a magnetic disturbance (2230 December 6 and
0100 January 2). In the remaining cases (2200 December 4,
0015 December 7, and 2200 January 9) several factors pre-
cluded forming even tentative conclusions.

In examining eight cases where the cleft moves poleward we
find only two (2215 December 6 and 2130 January 10) that
may be associated with B, becoming more positive. Three
events occur when B, does not show any clear change (2250
December 6, 2100-2140 January 9, and 2330-2400 January
10). The January 10 event, which occurs while B, is negative,
may be associated with the onset of a negative bay; there is
also a small amount of geomagnetic activity on January 9. The
remaining three cases occur either while B, is positive and
decreasing (1900 December 4 and 2030 December 6) or when it
has turned southward (2400 January 1).

The cleft appears to respond fairly rapidly to changes in the
IMF. The records of December 6-7, January 1-2, and partic-
ularly January 10-11 indicate that the cleft may begin to move
equatorward within 10 min or less of the time when the change
in B, reaches the front of the magnetosphere.

The velocity of the equatorward motion, once it begins
varies significantly. On December 6-7 and January 1-2 the
cleft moved equatorward at about 0.5°/min. On December 4
and January 10-11 the rate was less than 0.1°/min,

The duration of the motion also varied. When the motion
was faster (December 6-7 and January 1-2), it ceased after
about 15 min. In those cases of slower motion (December 4
and January 10-11) it continued for about an hour. The total
change AX for a single event varies from | to 3 deg.

The temporal relation between geomagnetic activity and the

cleft’s motion is less clear. The records suggest, however, that
the cleft begins to move within 10 min or so of the onset of
activity. On January 10-11, for example, the negative bay
appeared at 2350, and the equatorward motion began at 2402,

DiscussioN

In the previous section we found evidence that the cleft may
at times move equatorward in response to a southward turning
of the z component of the IMF and to the occurrence of
geomagnetic disturbances. These events agree with the con-
clusions of earlier work. Burch [1972, 1973] analyzed Ogo 4
particle measurements and found that the equatorward
boundary of cleftlike precipitation moves to lower latitudes by
several degrees during substorms and/or in the presence of
negative B,. Pike et al. [1974]) monitored the cleft with an
airborne ionosonde and found that the cleft typically moved
equatorward following a southward turning of B,. Recently,
Kamide et al. [1976], combining the Ogo 4 and the Isis | data,
also found a tendency for the cleft to move equatorward with
southward B, and the occurrence of substorms.

It is important to note that we also found several examples
where the motion of the cleft does not correspond to these
results. The earlier investigations do provide convincing evi-
dence that on the average, the cleft moves equatorward in
response to increasing geomagnetic activity and southward B,.
These conclusions are based largely upon satellite data, how-
ever, which provide no more than roughly one measurement of
the cleft’s position per hour; the conclusions may not hold on a
time scale of several minutes.

In the only previous work [Pike et al., 1974] in which the
relation between B, and the cleft’s position was studied with
high time resolution, it was concluded that the cleft responds
to changes in B, after a delay of about 15 min. Our results
suggest that when the cleft does respond, the delay may be as
short as ~10 min

Burch [1972] gives an estimate of the rate at which the cleft
moves equatorward following a southward turning of B,. His
value of ~0.1°/min is based upon a single measurement of the
cleft’s position during each event (necessitated by the fact that
the data were taken by satellite). In this study, where the
measurements are ground based and may be made several
times during each event, we have found that the cleft may
move equatorward as rapidly as ~0.5°/min. However, the rate
of motion may fall as low as ~0.05°/min.

One of the goals of earlier efforts has been to obtain a
quantitative relation between the cleft's location and B,. Burch
[1973], for example, derives from his data an expression for the
position of the cleft as a function of the average value of B,
over the previous 45 min. Such an expression may agree fairly
well with the average behavior of the cleft and those instances
where the cleft moves equatorward fairly slowly in response to
a southward turning. Since a 45-min average of B, is used,
however, the expression will not be able to account for those
cases where the cleft moves a degree or two in only a few
minutes (e.g., December 6-7 and January 10-11). Nor will the
expression account for those times when the movement of the
cleft and B8, appear to be unrelated.

The variation in the response of the cleft implies that any
scheme for predicting the cleft's position based upon a fixed
length average of B, will not be accurate at all times. It is
important to note that any theoretical description of the mech-
anism linking the IMF and the position of the cleft must be
able to account for such variations. Such a description will
apparently have to include other factors, including geomag-
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netic conditions (Kamide et al., 1976] and perhaps the state of
the ionosphere (Holzer and Reid, 1975].

CONCLUSIONS AND SUGGESTIONS

We have reported the results of the analysis of 5 days of
ionogram data from two stations located in northern auroral
latitudes. The ionospheric manifestation of the cleft has been
found to be very complex and dynamic. The returns frequently
show considerable structure and may change significantly in
Just a minute or two.

A clear relation between the position of the cleft and the
IMF (or geomagnetic activity ) has not emerged from the study
of this small sample. Events have been found which agree with
earlier conclusions that southward turnings of B, and geomag-
netic activity are associated with equatorward motion of the
cleft. Other events, however, indicate that at times the motion
may be contrary to that expected and may depend on other
causes.

The results do suggest that a program of taking ionograms
in high time resolution (spacing, <1 min) would improve our
knowledge of the factors that control the cleft’s position. The
cleft has been found to change rapidly, and it may be that the
key to its behavior will be found only when these rapid changes
are better understood.

Acknowledgments. The LASL portion of this work was performed
under the auspices of the U.S. Energy Research and Development
Administration (ERDA). The University of Texas at Dallas portion of
this work was supported by ERDA contracts KH-69046-1 and LCS-
83449-1. Air Force Cambridge Research Laboratories contracts
F19628-75-C-0032 and F19628-76-C-0005, and NASA contract NGR
44-004-124. University of Alaska operations were supported by NASA
contract NGR02-001-087. The Kiruna and Leirvogur magnetograms
were obtained through the World Data Center A for Solar Terrestrial
Physics (geomagnetism). The authors thank the referees for their
comments

The Editor thanks J. A. Whalen and J. H. Whitteker for their
assistance in evaluating this paper.

REFERENCES

Aubry, M. P, C. T. Russell, and M. G. Kivelson, On inward motion
of the magnetopause during a substorm. J. Geophys. Res., 75. 7018,
1970.

Burch, J. L., Precipitation of low-energy electrons at high latitudes:
Effects of interplanetary magnetic field and dipole tilt angle, J.
Geophys. Res.. 77, 6696, 1972.

Burch, J. L.. Rate of erosion of dayside magnetic flux based on a
quantitative study of the dependence of polar cusp latitude on the
interplanetary magnetic field. Radio Sci., 8. 955. 1973.

Evans. J. E.. L. L. Newkirk, and B. M. McCormac, North polar.
south polar, world maps and tables of invariant magnetic coordi-
nates for six altitudes: 0, 100, 300, 600, 1000, and 3000 km, DASA
2347, Lockheed Palo Alto Res. Lab., Palo Alto, Calif., 1969.

Frank, L. A, Plasma in the earth’s polar magnetosphere, J. Geophys.
Res., 76, 5202, 197).

Frank, L. A, and K. L. Ackerson, Observations of charged particle
precipitation into the auroral zone, J. Geophys. Res., 76, 3612, 1971.

GOVERNMENT PRINTING OFFICF 977--700-002--87

Heikkila, W.J . and J. D. Winningham, Penetration of magnetosheath
plasma to low altitudes through the dayside magnetospheric cusps,
J Geophys. Res . 76, 883, 1971

Heikkila, W. J., J. B. Smith, J. Tarstrup, and J. D. Winningham. The
soft particle spectrometer in the Isis | satellite, Rev. Sci. Instrum.,
41,1393, 1970.

Heppner, J. P., M. Sugiura, T. L. Skillman, B. G. Ledley, and M
Campbell, Ogo-A magnetic field observations, J. Geophys. Res.. 72,
5417, 1967.

Holzer, T. E.. and G. C. Reid, The response of the dayside magneto-
sphere-ionosphere system to time-varying field line reconnection at
the magnetopause, |, Theoretical model, J. Geophys. Res.. 80. 2041,
1975.

Jeffries, R. A, W H. Roach, E. W. Hones, Jr.. E. M. Wescott, H. C
Stenbaek-Nielsen, T. N. Dawvis, and J. D. Winningham, Two barium
plasma injections into the northern magnetospheric cleft, Geophy's
Res Lett., 2. 285, 1975

Kamide, Y.. J. L. Burch, J. D. Winningham, and S-1. Akasofu,
Dependence of the latitude of the cleft on the interplanetary mag-
netic field and substorm actvity, J. Geophys. Res.. 81. 698, 1976

K nudsen, W. C., Magnetospheric convection and the high-lautude £,
ionosphere, J. Geophys. Res., 79. 1046, 1974,

Pike. C. P.. A latitudinal survey of the dayume polar F layer, J
Geophys. Res.. 76, 7745, 1971.

Pike. C. P., Equatorward shift of the polar F layer irregularity zone as
a function of the Kp index, J. Geophys. Res., 77, 6911, 1972

Pike. C. P., and J. A. Whalen, Satellite observations of auroral sub-
storms, J. Geophys. Res., 79, 985, 1974.

Pike, C. P.. C.-1. Meng, S.-1. Akasofu, and J. A. Whalen, Observed
correlations between interplanetary magnetic field variations and
the dynamics of the auroral oval and the high-latitude 1onosphere,
J. Geophys. Res.. 79, 5129, 1974.

Russell, C. T.. C. R. Chappell, M. D. Montgomery, M. Neugebauer,
and F. L. Scarf, Ogo S observations of the polar cusp on November
1, 1968, J. Geophys. Res.. 76, 6743, 197).

Shepherd. G. G.. J. F. Pieau, F. Creutzberg, A. G. McNamara, J. C
Gerard, D. J. McEwen, B. Delana, and J. H. Whitteker. Rocket and
ground-based measurements of the dayside magnetospheric cleft
from Cape Parry. N.W.T., Geophys. Res. Lett.. 3. 69. 1976.

Ungstrup, E.. A. Bahnsen, J. K. Olesen, F. Primdahl, F. Spangslev,
W. J. Heikkila, D. M. Klumpar, J. D. Winningham, U. Fahleson,
C.-G. Falthammar, and A. Pedersen, Rocket-borne particie. field,
and plasma observations in the cleft region, Geophys. Res. Leti.. 2,
345, 1975.

Vasyliunas, V. M., Magnetospheric cleft symposium, Eos Trans. AGU,
' 55. 60, 1974.

Vorobjev, V. G., G. Gustafsson, G. V. Starkov. Y. |. Feldstein, and
N. F. Shevnina, Planet. Space Sci., 23, 269, 1975.

Whalen. J. A .. and C. P. Pike, F layer and 6300-A measurements in the
day sector of the noon oval, J. Geophys. Res., 78, 3848, 1973

Winningham, J. D., Penetration of magnetosheath plasma to low
altitudes through the dayside magnetospheric cusps. Ph.D. dis-
sertation, Tex. A&M Univ., College Station, 1970.

Winningham, J. D., Characteristics of magnetosheath plasma ob-
served at low altitudes in the dayside magnetospheric cusps. in
Earth's Magnetospheric Processes, edited by B. M. McCormac, p.
68, D. Reidel, Dordrecht, Netherlands, 1972.

Winningham, J. D., and C. P. Pike, In situ observations of the effects
of magnetosheath particle precipitation on the dayside 1onosphere
(abstract), Eos Trans. AGU, 53, 361, 1972.

(Received April 15, 1976;
accepted September 8, 1976.)




